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“When you are a Bear of Very Little Brain, and you Think of Things, you find 
sometimes that a Thing which seemed very Thingish inside you is quite different 
when it gets out into the open and has other people looking at it.” – A.A. Milne, 
Winnie-the-Pooh
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General introduction
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Introduction
1“Given the complexity of human psychology, biology and illness, any classification in these realms is likely to be plagued by stubborn bits of data that refuse to fit 
neatly into uniform, well-ordered classes” - S.E. Hyman
1.1 STATEMENT OF THE PROBLEM
Nature is not categorical. Yet we like to live in a structured environment with clear 
categories, descriptions and labels. The Diagnostic and Statistical Manual for Mental 
Disorders (DSM) was therefore created to provide a common language for describing 
psychopathology, based on frequently co-occurring clinical symptoms (Hyman 2010; 
American Psychiatric Organisation 2013). This manual is now widely used across 
the world to identify and classify psychiatric disorders. Hence the label ‘depression’ 
represents the same symptoms all over the world, and people that show symptoms of 
drug dependence are internationally classified as having ‘substance use disorder’. This 
structured categorisation has been very useful in the treatment of psychiatric illnesses, as 
patients with similar symptoms tend to respond similar to treatments. However, despite 
their usefulness in practice, the DSM categories were never designed to represent distinct 
underlying biological mechanisms.
The new DSM-V, which was released in 2013, therefore aimed to provide new clas-
sifications that were based on biological causal mechanisms. This proved to be extremely 
difficult, on the one hand because of our still limited knowledge about the biological 
systems associated with mental dysfunctioning, and on the other hand due to the impor-
tance of the DSM categories in society. For instance, upon the release of the new DSM, 
people who were previously classified as having Asperger Syndrome now found their 
symptoms belonging to Autism Spectrum Disorder (Dehue 2014). Did this mean that 
their disorder changed? Did they themselves change? Would this affect the treatment 
they receive? These questions illustrate the problem of reification, which means that a 
definition is turned into a thing (Dehue 2014). In other words, we have come to see 
psychiatric disorder classifications as real, separate entities that cannot easily be changed 
(Hyman 2010). Therefore, despite the usefulness of the DSM in providing a structured, 
common language, the downside is a rigid classification system that may hamper scien-
tific progress in understanding the biological causes of mental disease.
To overcome this problem, the National Institute of Mental Health (NIMH) in the 
United States has proposed an alternative framework for research on mental disorders. 
The framework of Research Domain Criteria (RDoC) is aimed to use findings from 
neuroscience as the starting point of research, instead of the DSM categories. Disorders 
are hence defined as abnormal functioning brain circuits, based on genetics, neuroim-
aging and behavioural data (Cuthbert & Insel 2013; Insel et al. 2010). This also means 
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that the RDoC lets go of categorical definitions to incorporate dimensional aspects (i.e. 
connectivity in a neural circuit may range from normal to abnormal, without having a 
defined cut-off point that classifies someone into either the normal or abnormal group). 
Another advantage of this approach is that it tackles the problem of heterogeneity within 
psychiatric disorders (i.e. patients with the same disorder experience different symptoms 
or respond differentially to treatment) and comorbidity between disorders. The frequent 
occurrence of comorbid disorders in psychiatry poses problems to the DSM classifica-
tions, as it is unknown whether a person suffers from two distinct disorders, or whether 
his diverse symptoms are related to a single underlying aetiology (Hyman 2010). By 
instead focussing on specific brain circuits, such as for instance the circuits involved in 
reward, boundaries between mental disorders become irrelevant and the aetiology of 
dysfunction (of the specific circuit) can be better investigated.
One psychiatric disorder where the RDoC framework is particularly relevant is 
attention-deficit / hyperactivity disorder (ADHD) in adulthood. Being a relatively new 
disorder, at least in terms of being represented in the DSM, we know very little about the 
neurobiological mechanisms and behavioural impairments that constitute adult ADHD, 
and a good understanding of the disease aetiology is still lacking. In this thesis, I have first 
followed the classical approach of using a DSM-defined disease status as the indepen-
dent variable to investigate behavioural impairments and neurobiological dysfunctions 
associated with adult ADHD. In the second part, I investigated behavioural and neuro-
biological differences between individuals with ADHD, in order to further investigate the 
heterogeneity of this disorder.
In the next sections I will give a general overview of what is known, and not yet known, 
about the neurobiology of adult ADHD, followed by a description of the methodology 
available to move beyond this state of the art. Subsequently, in parts one and two of this 
thesis, I describe four investigations in which I have used this methodology to answer 
the question, whether a better characterisation of cognitive (dys)functioning on the one 
hand, and the functional network organisation of the brain on the other hand, could 
provide a better insight into the neurobiological pathways associated with ADHD that 
persists into adulthood.
1.2 ADHD IN ADULTHOOD
Clinical and epidemiological characteristics of ADHD
ADHD is a neurodevelopmental disorder, which means that the symptoms that become 
apparent as the individual grows are related to abnormal brain development. The dis-
order is characterised by persistent inattentiveness and/or increased hyperactivity and 
impulsivity in a manner that is age-inappropriate, pervasive across settings, and leads to 
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impaired functioning in daily life (American Psychiatric Organisation 2000; American 
Psychiatric Organisation 2013; Biederman & Faraone 2005). Symptoms start early and 
are generally observed around the age when a child goes to school (although early indica-
tions of ADHD have been already observed in six-month old children (Sullivan et al. 
2015). According to the Diagnostic and Statistical Manual V (DSM-V) a diagnosis of 
ADHD is given if a child exhibits six out of nine symptoms in the inattentiveness or in the 
hyperactivity/impulsivity domain, or in both (American Psychiatric Organisation 2000; 
American Psychiatric Organisation 2013). For those that are older than 17 years, five 
symptoms on either or both these domains need to be present. Depending on the domain 
in which the symptoms are predominantly present, the person is characterised as having 
the inattentive, hyperactive/impulsive or combined subtype (see Box 1.1). World-wide, 
around 5% of all children are estimated to have ADHD (Polanczyk et al. 2014; Polanczyk 
et al. 2007).
While ADHD was originally considered a childhood disorder, studies in the past two 
decades have shown evidence of ADHD symptoms to persist into adulthood in a consid-
erable proportion of patients. This was marked by the recent release of the DSM-V that 
now also includes guidelines for diagnosing ADHD in adults, provided that symptoms 
were already present before the age of twelve (American Psychiatric Organisation 2013; 
see Box 1.1). Acknowledging and identifying ADHD in adulthood is important, as symp-
toms are associated with poor socio-economic outcome and functional impairments 
such as low level of education and high rates of unemployment, divorces, criminality, and 
road traffic accidents (Kooij et al. 2005; Barkley et al. 2002; Simon et al. 2009; Lichtenstein 
et al. 2012).
Persistence and prevalence of ADHD in adulthood
The persistence rate of ADHD into adulthood depends on whether the full DSM-criteria 
are used (‘full’ or ‘syndromatic’ persistence), or whether also a partial diagnosis is al-
lowed (‘partial remission’ or ‘symptomatic persistence’). A meta-analysis of follow-up 
studies showed that, when characterising persistent ADHD as having a full DSM-IV-
based diagnosis (i.e. presenting with six or more symptoms in the inattentiveness and/or 
hyperactivity/impulsivity domain) by the age of 25, the persistence rate was around 15% 
(Faraone et al. 2006). However, this may be an overly optimistic prognosis of ADHD, as 
many people, who did not meet this cut-off still showed increased symptom counts for 
the disorder. Thus, when symptomatic persistence was also included in the criteria, the 
rate of persistence increases to about 65% in young adulthood (Faraone et al. 2006). It 
should be noted that this study used the DSM-IV criteria, and hence people with five 
symptoms were characterised as symptomatic persistence while they would have fallen in 
the syndromatic persistence category according to the new DSM-V criteria.
Chapter 1
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Box 1.1: DSM diagnostic criteria for attention-deficit / hyperactivity disorder
I. DSM – IV – TR
A.  A persistent pattern of inattention and/or hyperactivity-impulsivity that interferes with functioning or 
development, as characterised by (1) and/or (2):
(1)  Inattention: six (or more) of the following symptoms of inattention have persisted for at least six months to a 
degree that is maladaptive and inconsistent with developmental level:
 (a)  often fails to give close attention to details or makes careless mistakes in schoolwork, work, or other 
activities
 (b)  often has difficulty sustaining attention in tasks or play activities
 (c)  often does not seem to listen when spoken to directly
 (d)  often does not follow through on instructions and fails to finish school work, chores, or duties in the 
workplace (not due to oppositional behaviour or failure to understand instructions)
 (e)  often has difficulty organising tasks and activities
 (f)  often avoids, dislikes, or is reluctant to engage in tasks that require sustained mental effort (such as 
schoolwork or homework)
 (g)  often loses things necessary for tasks or activities (e.g., toys, school assignments, pencils, books, or tools)
 (h)  is often easily distracted by extraneous stimuli
 (i)  is often forgetful in daily activities
(2)  Hyperactivity-impulsivity: six (or more) of the following symptoms of hyperactivity-impulsivity have 
persisted for at least six months to a degree that is maladaptive and inconsistent with developmental level:
Hyperactivity
 (a)  often fidgets with hands or feet or squirms in seat
 (b)  often leaves seat in classroom or in other situations in which remaining seated is expected
 (c)  often runs about or climbs excessively in situations in which it is inappropriate (in adolescents or adults, 
may be limited to subjective feelings of restlessness)
 (d)  often has difficulty playing or engaging in leisure activities quietly
 (e)  is often “on the go” or often acts as if “driven by a motor”
 (f)  often talks excessively
Impulsivity
 (g)  often blurts out answers before questions have been completed
 (h)  often has difficulty awaiting turn
 (i)  often interrupts or intrudes on others (e.g., butts into conversations or games)
B.  Some hyperactive-impulsive or inattentive symptoms that caused impairment were present before age seven 
years.
C.  Some impairment from the symptoms is present in two or more settings (e.g., at school or at work and at 
home).
D.  There must be clear evidence of clinically significant impairment in social, academic, or occupational 
functioning.
E.  The symptoms do not occur exclusively during the course of a Pervasive Developmental Disorder, 
Schizophrenia, or other Psychotic Disorder and are not better accounted for by another mental disorder 
(e.g., Mood Disorder, Anxiety Disorder, Dissociative Disorders, or a Personality Disorder).
Attention-Deficit/Hyperactivity Disorder, Combined Type: if both Criteria A1 and A2 are met for the past six 
months
Attention-Deficit/Hyperactivity Disorder, Predominantly Inattentive Type: if Criterion A1 is met but Criterion 
A2 is not met for the past six months
Attention-Deficit/Hyperactivity Disorder, Predominantly Hyperactive-Impulsive Type: if Criterion A2 is met but 
Criterion A1 is not met for the past six months
Note: For individuals (especially adolescents and adults) who currently have symptoms that no longer meet full 
criteria, “In Partial Remission” should be specified.
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Estimates of the prevalence of childhood-onset ADHD in adulthood vary further 
depending on the age and gender distributions of the studied samples as well as the 
diagnostic criteria used to characterise ADHD (Simon et al. 2009). Different studies have 
hence estimated that between 1% (Kooij et al. 2005) and 4.7% (Kessler et al. 2006) of 
the adult population has ADHD, with a pooled average across studies of 2.5% (Simon 
et al. 2009). With the changed criteria for adult ADHD diagnosis in the DSM-V, these 
estimates of prevalence and persistence may change.
Gender
Clinical samples of children with ADHD generally show an unequal gender distribu-
tion, with many more boys being affected than girls. It has, however, been suggested 
that this may be due to a referral bias, as symptoms in girls tend to be less disruptive 
(Ramtekkar & Reiersen 2010; Biederman et al. 2004). In adulthood there seems to be a 
more equal gender balance amongst patients with ADHD, which may be attributable to 
the fact that women are more likely than men to seek treatment (Biederman et al. 2004; 
Simon et al. 2009; Kessler et al. 2005). However, there are also accounts of genetic and 
neurobiological differences in ADHD between boys/men and girls/women. For instance, 
sex-linked genetic effects many exert different effects on attention and inhibition in males 
versus females (Trent & Davies 2012). In line with this, some studies have found higher 
prevalence of the inattentive subtype in females, and of the combined and hyperactive/
impulsive subtype in males (Biederman et al. 2004; Ramtekkar & Reiersen 2010). Others 
have shown that despite similar behavioural performance, underlying neurobiological 
mechanisms may differ between the genders (Valera et al. 2010).
Comorbidity
ADHD often co-occurs with other psychiatric disorders. Amongst adults diagnosed with 
ADHD, comorbid psychiatric disorders are much more common than in the general 
population. The most prevalent comorbid disorders with ADHD are mood disorders 
(i.e. major depressive and bipolar disorder), anxiety disorders, substance use disorders, 
and eating disorders (Kessler et al. 2006; Sobanski et al. 2007). Although the prevalence 
II. DSM – V : changes in diagnostic criteria to DSM-IV-TR
•  With the DSM – V it is also possible to officially diagnose adults with ADHD. For older adolescents and 
adults (age 17 and older), at least five, instead of six, symptoms are required for a diagnosis.
•  Symptoms need to have been present before the age of twelve, instead of age seven.
•  Additionally, a current severity is specified (‘mild’, ‘moderate’, or ‘severe’) with respect to the number of 
symptoms in excess of the required diagnosis.
•  The name ‘subtypes’ has been replaced with ‘presentations’, but reflect the same construct. However, the 
DSM – V acknowledges that ‘presentations’ may change over the course of a life span
•  While Autism Spectrum Disorder was an exclusion criterion in the DSM-IV, according to the DSM – V a 
person can be diagnosed with both Autism and ADHD.
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of comorbid disorders with ADHD does not differ between the genders (Biederman 
et al. 2004), gender does play a role in specific comorbidities, as e.g. major depressive 
disorder occurs more often in women, while substance use disorders occur more often 
in men with ADHD (Sobanski et al. 2007; Biederman et al. 2004). As symptoms overlap 
between psychiatric disorders, the presence of comorbid disorders can make it difficult 
to diagnose ADHD, as well as to determine which disorder to treat as the main disorder 
(Haavik et al. 2010).
Treatment
In general, about 25% of adults with ADHD receive treatment (Kessler et al. 2006).This 
can be in the form of medication or psychological treatment, with the preferred option 
being a combination of these (Murray & Weiss 2002). There is a wide variety of drugs 
on the market targeting ADHD, which can be broadly distinguished into stimulant 
and non-stimulant medication. The most widely used form of stimulant medication is 
methylphenidate (known by the brand names Ritalin and Concerta). This type of medica-
tion blocks the dopamine reuptake transporters in the synapse, thereby increasing the 
availability of dopamine in the brain (Volkow et al. 1998). Other than the name suggests, 
stimulant medication in persons with ADHD generally reduces locomotor activity and 
improves attentional focus (Arnsten 2006). However, depending on the received dose the 
medication may also have the opposite effect. Non-stimulant medication such as atomox-
etine (known by the brand name Strattera) blocks the reuptake of norepinephrine in the 
synaptic cleft (Banaschewski et al. 2004). This type of medication is generally prescribed 
when a person experiences negative side-effects from stimulant medication, such as tics.
While stimulant medication is effective in reducing symptoms of ADHD in adults in 
the short-term (Faraone et al. 2004), little is known about the long-term effectiveness 
(Fredriksen et al. 2013); in fact, most patients tend to discontinue medication relatively 
quickly (McCarthy et al. 2009). Although the currently available drugs can alleviate symp-
toms, no single one is able to cure ADHD. More insight into the biological mechanisms 
that underlie ADHD could help to improve treatment by directly targeting the cause 
instead of the symptoms.
Neurocognitive characteristics
ADHD, both in childhood and adulthood, is characterised by a wide range of neuro-
cognitive impairments. These cognitive deficits are thought to underlie problems with 
self-regulation, i.e. the mechanisms required to adapt behaviour to a changing context 
(Nigg 2005). Cognitive functions are generally assessed with neuropsychological test pro-
cedures. From these, we know that both children and adults with ADHD are impaired in 
a wide-range of cognitive domains including attention, executive functioning, temporal 
processing, and reward processing (Nigg 2005; Hervey et al. 2004; Boonstra et al. 2005; 
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Seidman 2006). Attention is thought to include three aspects: orienting, detecting and 
altering, and vigilance (Posner & Petersen 1990). Executive functioning (EF) is a broad 
domain that spans memory, set shifting, planning, fluency and inhibition (Pennington 
& Ozonoff 1996). Temporal processing concerns the estimation and reproduction of 
time intervals, while reinforcement processing is important for weighting rewards in the 
context of a delay (with people with ADHD overly preferring small immediate rewards 
to large delayed rewards; Nigg 2005).
There are several theories about how these cognitive impairments contribute to 
ADHD. One of the first theories was proposed by Barkley, who argued that behavioural 
disinhibition is the core problem in ADHD (Barkley 1997). EF deficits are secondary 
impairments, caused by this core deficit, and in turn cause impulsive behaviour and 
poor motor control. Others, however, have disagreed that inhibition deficits are central 
to the disorder, and have proposed alternative models. For instance, according to the 
cognitive-energetic model, cognitive deficits in ADHD should be understood from three 
interacting levels (Sergeant 2000; Sergeant 2005). On the first level are lower cognitive 
mechanisms that are responsible for information processing. These include the encoding 
and central processing of information, and the organisation of a response. These aspects 
interact with energetic mechanisms at the second level, including arousal, effort and 
activation. Energetic mechanisms in turn interact with the management or EF system 
at the third level. What this means is that for instance inhibitory problems arise from 
poor regulation of the energetic systems and not from an impaired inhibitory system as 
Barkley proposed. Furthermore, the poor allocation of energetic resources are also likely 
to be responsible for the high variability of responses that is typical for ADHD (Tamm 
et al. 2012).
A third theory aims to explain ADHD symptoms through a dysfunctioning dopami-
nergic system (Sagvolden et al. 2005). Dopamine plays an important role in reward and 
motivation processes, as well as higher cognitive functions such as attention, inhibition 
and working memory, and dopamine receptors are abundant in striatum and PFC (Cools 
2011; Volkow et al. 2011). In line with this, several of the candidate genes that have been 
associated with adult ADHD are part of, or associated with, the dopaminergic system 
(Franke et al. 2012). According to the dynamic developmental theory, ADHD symptoms 
arise from altered reinforcement and extinction processes (Sagvolden et al. 2005). A 
dysfunctioning mesolimbic dopamine system results in increased delay aversion, hyper-
activity due to poor extinction of previously reinforced behaviour, increased variability of 
responses and poor response inhibition. Additionally, impairments in the nigrostriatial 
dopamine branch result in poor timing of motor outputs, while hypofunctioning of the 
mesocortical dopamine system causes impaired sustained attention and poor planning.
The problem with theories that propose a core mechanism of dysfunction in ADHD 
(such as the theories by Barkley and Sagvolden) are that they cannot fully explain the 
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heterogeneity of behavioural deficits observed across patients with ADHD. Others have 
therefore proposed that there are multiple pathways of impairment that can result in 
ADHD. For instance, Wåhlstedt and colleagues have shown that deficits in inhibition and 
state regulation (as measured by reaction time variability) independently contributed to 
ADHD symptoms (Wåhlstedt et al. 2009). Others have proposed a dual-pathway - and 
later a triple pathway - model that argues for distinct impairments in executive functions, 
reward processing, and timing to exist in ADHD (Sonuga-Barke 2002; Sonuga-Barke 
et al. 2010). Support for this multiple-pathway model comes from studies investigating 
inter-individual differences in cognitive impairment. These have shown that different 
patients with ADHD are impaired in different cognitive domains (Nigg, Willcutt, et al. 
2005; Coghill et al. 2013). Furthermore, some patients did not seem to show any cognitive 
impairments in the domains investigated (Coghill et al. 2013). This may also explain why 
effect sizes of neuropsychological measures comparing patients to controls are generally 
moderate (Hervey et al. 2004; Boonstra et al. 2005).
The theories described above are mainly based on data from children with ADHD, 
but are likely to hold true for adult ADHD as well. ADHD in adulthood is characterised 
by similar impairments on the various cognitive domains described above (Hervey et al. 
2004; Boonstra et al. 2005; Schoechlin & Engel 2005). Longitudinal studies have shown 
that neurocognitive impairments persist into adulthood, even in those persons whose 
ADHD remits (Van Lieshout et al. 2013). This contrasts an influential model that states 
that lower-level cognitive functions that arise from subcortical dysfunction persist into 
adulthood, while higher-level, cortical functions ‘catch-up’ during development (Hal-
perin & Schulz 2006). According to this hypothesis, during development higher-level 
cognitive functions increasingly compensate for the lower-level dysfunctions, thereby 
reducing symptoms in adulthood. This may also explain the heterogeneity of cognitive 
impairments, especially in adult ADHD, as the magnitude of cognitive impairments 
depends on how well the higher-level, cortical functions are able to compensate for the 
subcortical dysfunction (Halperin & Schulz 2006).
In sum, existing literature suggests that there is not a single measure of cognitive 
function that can identify adult ADHD when applied in isolation, but careful analysis 
of neuropsychological test results can provide valuable information about the nature of 
impairment in individual patients (Haavik et al. 2010). Chapter 2 describes a detailed 
investigation in neuropsychological functioning of adults with ADHD, while Chapter 4 
delves deeper into the cognitive heterogeneity of this sample.
The neuroscience of adult ADHD
The fast development and rapid advance in neuroimaging techniques in the past two 
decades has contributed to a much better understanding of the neurobiology of ADHD. 
The majority of studies have used Magnetic Resonance Imaging (MRI) to measure the 
21
Introduction
1
brain’s structure and function non-invasively. Due to the costs of this type of research, 
most studies have focussed on small samples that - also in light of the heterogeneity of 
ADHD - often reported contradicting findings. More research is still needed on larger 
samples that allow for the investigation of (or correction for) effects such as gender, 
comorbidity, medication use or clinical subtype. However, taken together, the following 
picture emerges.
On average, children with ADHD have smaller overall brain volumes, as well as reduc-
tions in cerebellar and caudate volumes. This has been confirmed by several meta-analyses 
for brain structure (Castellanos et al. 2002; Valera et al. 2007; Nakao et al. 2011; Frodl & 
Skokauskas 2012). In adults however, findings have been more inconclusive, with many 
studies reporting no differences in brain volumes between patients and controls (Onnink 
et al. 2014; Frodl & Skokauskas 2012; Nakao et al. 2011). This suggest that the reduction 
of brain volumes in ADHD normalises with age. Smaller caudate volumes however do 
remain during development and seem to be the most robust difference between adults 
with and without ADHD (Seidman et al. 2011), although this seems to be specific to 
male patients only (Onnink et al. 2014). A thinner cortex has also been associated with 
childhood ADHD, but this is thought to normalise in adulthood, hence representing 
a developmental delay in cortex maturation (Shaw et al. 2012). This delay is especially 
pronounced in the frontal cortex. Together, these findings suggest that subcortical, stria-
tal volume reductions persist into adulthood, while the rest of the cortex may ‘catch up’ 
during development (Halperin & Schulz 2006).
Functional MRI (fMRI) studies on ADHD have mainly focussed on the prefrontal 
cortex (PFC). This was the first brain region to be studied with neuroimaging methods, 
as patients with frontal lobe damage showed similar behaviour as patients with ADHD 
(Bush 2010; Barkley 1997). It is clear, however, that the PFC does not function in isola-
tion. Instead, it plays a role in many cognitive functions through interactions with other 
brain regions. Connections between the PFC and the cingulate and parietal cortex are 
important for executive functions and attention (Bush 2010; Makris et al. 2009; Figure 
1.1). Reward processing, motivation, and inhibition, rely on coupling between the PFC 
and striatum (Durston et al. 2011; Cubillo et al. 2010; Cubillo et al. 2012). Furthermore, 
fronto-cerebellar connections are important for various cognitive functions, including 
temporal processing, working memory, and motor inhibition (Wolf et al. 2009; Hayter et 
al. 2007; Durston et al. 2011; Vloet et al. 2010). Functional MRI studies have identified 
aberrant activity of all these regions in patients with ADHD, both in children and in 
adults (Cubillo & Rubia 2010; Bush 2010; Dickstein et al. 2006; Kasparek et al. 2013; 
Makris et al. 2009).
In the past decade, research on neuroimaging has shifted focus from investigating 
single brain regions to networks of interconnected brain areas. Connectivity studies in 
patients, primarily children, with ADHD have identified disrupted connections in several 
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networks that link the PFC to the rest of the brain (Liston et al. 2011; Posner et al. 2014; 
Konrad & Eickhoff 2010). White matter tracts connecting frontal, striatal, and cerebellar 
regions were found affected in both children and adults with ADHD, as were connections 
between frontal and parietal regions (Onnink et al. 2015; van Ewijk et al. 2012; Makris 
et al. 2009). Reduced integrity of these white matter tracts has also been associated with 
worse performance on attention and inhibition tasks, and more impulsive responses in 
adults with ADHD (Konrad et al. 2010; Onnink et al. 2015). In line with these structural 
connectivity alterations, aberrant functional connections in the frontal-striatal-cerebellar 
and fronto-parietal circuits were identified in children and adults with ADHD (Cao et al. 
2006; McCarthy et al. 2013). Many studies on functional connectivity, measured during a 
resting state, have focussed on the so-called default-mode network (DMN). This network 
consists of the posterior cingulate cortex, precuneus, medial PFC, lateral parietal cortex, 
and inferior temporal lobe (Raichle et al. 2001). The main characteristic of the DMN is 
that it becomes active during rest, and is deactivated when performing externally driven 
tasks. It is therefore thought to be involved in introspection, mind-wandering, and epi-
sodic memory, while its deactivation is necessary for attention and focus on the external 
world (Raichle et al. 2001). It is thought that insufficient deactivation of the DMN during 
goal-directed behaviour underlies fluctuations in attention that are common in ADHD 
patients (Sonuga-Barke & Castellanos 2007). Aberrant DMN connectivity has been 
identified in patients with ADHD, although studies have shown contradicting findings in 
terms of the direction of the effects. Functional connections between regions of the DMN 
were found to be reduced, both in children (Qiu et al. 2010; Fair et al. 2010) and in adults 
(Castellanos et al. 2008; Uddin et al. 2008). Others, however, identified increased resting-
state activity within the DMN in children and adults with ADHD (Wang & Li 2015; 
McCarthy et al. 2013). Connectivity between the DMN and regions involved in so-called 
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Figure 1.1: Brain regions implicated in ADHD. Figure from Bush, 2010.
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‘task-positive’ networks was shown to be less negative in patients with ADHD, support-
ing the theory of an insufficient deactivation of the DMN during tasks (Castellanos et al. 
2008; Sun et al. 2012; Sato et al. 2012). However, stronger connectivity between the DMN 
and the dorsolateral PFC has also been reported for adults with ADHD (Hoekzema et 
al. 2014). In sum, although aberrant connectivity has been identified in ADHD, both 
in terms of diffusion characteristics of white matter fibres and the functional coherence 
between regions, findings have been inconclusive about the direction of effects, and their 
association with symptoms and behavioural impairments.
In the above section I have outlined the epidemiological, clinical, neuropsychological, 
and neurobiological, characteristics of (adult) ADHD. From this, it should be clear that 
the biological mechanisms that cause this disorder are still poorly understood. Both on 
the behavioural and neuroimaging level findings across studies are inconclusive. This is 
due to the heterogeneity that is inherent of ADHD, but also due to small sample sizes, 
and large variations in inclusion criteria, sample characteristics, and data acquisition 
methods that have been employed in different studies. In the next section, I will explain 
the methodology that we used to better describe neuropsychological and neurobiological 
characteristics of adult ADHD.
1.3 METHODOLOGY USED IN THIS THESIS
The need for large samples
As mentioned, most of the neuroimaging studies described in the above section were 
based on small sample sizes (i.e. approximately 25 participants in each group). Statistical-
ly, a small sample size means that the power to detect a true effect is low, especially when 
the effect size of the studied parameter is small (Turner 2014; Button et al. 2013). Effect 
sizes in neuroimaging are generally small to moderate due to inter-individual differences 
in brain structure and function; but also neuropsychological measures show moderate 
effects when comparing a group of patients with ADHD to a group of controls (Hervey 
et al. 2004). This means that with a small sample size there might be insufficient power 
to detect a significant effect (i.e. a false negative finding). However, small underpowered 
studies also have a low positive predictive value, meaning a low chance that a statisti-
cally significant effect reflects a true effect (i.e. a true positive finding). This is due to the 
fact that these small samples lack the ability to represent the population they are drawn 
from sufficiently well. Furthermore, effects reported in the literature often suffer from the 
‘winner’s curse’, which means that an initial study reports an inflated estimate of an effect 
(due to chance), which in reality is much lower and therefore difficult to replicate unless 
sample sizes are much larger than the original one (Button et al. 2013). There is therefore 
increasing need for large-scale (replication) studies and meta-analyses to characterise, 
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which of the published effects are robust and which are not. Initiatives such as the Human 
Connectome Project (http://www.humanconnectomeproject.org), ENIGMA (http://
enigma.ini.usc.edu/), and the ADHD-200 project (http://fcon_1000.projects.nitrc.org/
indi/adhd200/) are examples of large-scale studies and data-sharing initiatives. While 
meta-analyses are relatively cheap and easy to perform as no new data is to be acquired, 
they suffer from not having had any control over inclusion criteria, methods and ways 
of reporting the findings (Turner 2014). Acquiring large samples, on the other hand, 
requires a lot of time and money, but those initiatives provide much more control over 
and consistency of the acquired data, reducing heterogeneity. Consortia that share data 
between research groups provide a valuable intermediate option, where data collection is 
shared across multiple sites. The International Multicenter persistent ADHD Collabora-
Tion (IMpACT) was started as an international collaborative effort to combine data on 
the genetics of adult ADHD (Franke et al. 2010). Within this consortium, IMpACT-NL 
was designed to identify neurobiological differences between adults with and without 
ADHD, and to use these as models to investigate pathways from genetics to behavioural 
phenotypes in adult ADHD. It now contains over 300 participants and, as far as we are 
aware, is the largest neuroimaging dataset of adults with persistent ADHD (see Box 1.2).
Box 1.2: The IMpACT-NL dataset
Between 2007 and 2014 336 participants were recruited and tested in Nijmegen for the IMpACT study. For the 
analyses described in this thesis I have used subsets of this dataset. The exact demographics for each study are 
described in the specific chapters, as well as details concerning the acquired data relevant for that chapter. Here is 
a description of the assessment procedures for the IMpACT-NL sample.
Pre-testing questionnaires (sent by mail):
•  Family Interview for Genetic Studies (FIGS)
•  Personality questionnaire NEO-FFI
•  Reading abilities questionnaire
Appointment 1:
•  Interview demographic information and medication history (10 min.)
•  Diagnostic interviews (+/- 2.5 hrs.): Diagnostic Interview for Adult ADHD (DIVA), Structured Interview 
for DSM –IV Axis I and II disorders (SCID – I and – II).
•  Collection of DNA via a blood or saliva sample (5 min.)
Appointment 2:
•  Neuropsychological assessment (1.5 hrs.): Mood rating scale 1, WAIS vocabulary (verbal IQ), WAIS block 
design (spatial IQ), EMT reading test (reading speed), KLEPEL reading test (reading speed of non-existing 
words), Baseline speed (reaction time), SAdots (attention & inhibition), Mood rating scale 2.
•  Magnetic resonance imaging (45 min.): Anatomical MRI, Stroop task (inhibition) fMRI, resting-state fMRI.
•  Break (10 min.)
•  Magnetic resonance imaging (35 min.): Spatial 2-back task (spatial working memory) fMRI, Knutson task 
(reward) fMRI, Diffusion tensor imaging.
•  Neuropsychological assessment (1 hrs.): Mood rating scale 3, ADHD self-report questionnaire, Semantic 
category and initial letter fluency (verbal fluency), Flanker task (inhibition), Trailmaking task (set-shifting 
and motor control), SART (attention and response inhibition), Delay discounting task (reward), Time 
estimation task, WAIS digit span (memory and working memory), Mood rating scale 4.
Post-testing questionnaire (return by mail): information from mother of participant concerning the pregnancy, 
birth, and first weeks after birth of the participant.
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One measure that is particularly feasible for large-scale studies and data sharing in 
consortia is resting-state fMRI (Fox & Greicius 2010), which will be explained below 
in more detail. Resting-state fMRI is not dependent on a specific task, hence reducing 
variance in both task-design and task-performance. This also makes it very suitable to 
study clinical populations, as the signal is not confounded by between-group differences 
in task performance, effort or strategy (Fox & Greicius 2010). Connectivity measures 
from resting-state fMRI scan have been shown to be stable within subjects (Shehzad et 
al. 2009; Zuo et al. 2010), between subjects (Damoiseaux et al. 2006), and across imaging 
centres (Biswal et al. 2010), making this metric very suitable for data sharing.
Measuring functional connectivity
Functional MRI is used to measure variations in blood oxygen level-dependent (BOLD) 
signal. Fluctuations in BOLD are caused by the deoxygenation of blood and an increase 
in blood flow and volume in response to neural activity (Logothetis 2003; Ogawa & Lee 
1990). A change in the fMRI signal therefore suggests a change in local brain activity. 
If this pattern of brain activity correlates strongly with the observed behavioural pat-
tern (i.e. seeing a visual stimulus), we interpret this as that the region is involved in this 
behaviour. However, stimulus-induced changes in signal represent only a small portion 
of neural activity. Spontaneous fluctuations in brain activity are responsible for most of 
the brain’s energy consumption (Fox & Raichle 2007). These fluctuations are not random; 
homologous regions, such as the left and right motor cortex, show high correlations in 
their spontaneous activity patterns (Biswal et al. 1995). When the spontaneous fluctu-
ating activity of two brain regions is correlated, there is strong functional connectivity 
between them. Functional connectivity measured during a “task-free” state, also called a 
“resting-state”, is often termed “intrinsic connectivity”, as it reflects the intrinsic organisa-
tion of the brain into networks without any manipulation (Bressler & Menon 2010). The 
participant is instructed to lie as still as possible in the MRI-scanner, with eyes closed (or 
open, focussing on a fixation cross), but without falling asleep.
There are multiple ways to analyse functional connections from resting-state fMRI 
data. The most simple method is to take two regions of interest, so-called seed regions, 
and extract from each of these regions the fluctuating signal of neural activity over the 
entire resting-state period (usually this is around 10 minutes). This is called the time 
course of the seed region. The time courses of the two regions can then be correlated, 
which reflects the functional connectivity strength between them. Hence, we term this 
a seed-to-seed analysis. Another method is to extract the time course from a single seed 
region and correlate this time course with the time courses of all other voxels in the 
brain (Figure 1.2). This is called a seed-to-whole brain analysis. These two methods of 
seed-based functional connectivity analysis have the advantage that they are hypothesis-
driven and straightforward to interpret. The downside, however, is that the seed-derived 
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networks are highly dependent on, and limited by, the choice of a seed region. Slight 
differences in seed location, can cause different networks to emerge (Cole et al. 2010). 
Seed-based connectivity results are therefore difficult to compare between studies. An-
other downside is that seed-based correlations are susceptible to influences from factors 
that are not of interest for the analysis. Correlations may for instance be induced by noise 
arising from for instance head motion, or by the mediating influence of a third brain 
region. Partial correlations are one way to overcome this problem. With this method the 
unique correlation between the time courses of two regions is computed, while partial-
ling out the influence of other time courses (Smith et al. 2011).
An alternative to the seed-based approaches is to use data-driven methods such as 
independent component analysis (ICA). Instead of requiring the choice of a seed region, 
ICA considers all voxels in order to identify distinct ‘sources’, called components, that 
each have their own time course and have maximal spatial independence (i.e. show 
minimal spatial overlap; Beckmann et al. 2005; McKeown et al. 1998). Such components 
either reflect functional networks, called resting-state networks (RSNs), or noise patterns 
Figure 1.2: An example of a seed-based resting-state fMRI analysis. First, a seed region in the left so-
matomotor cortex is chosen (panel a). From this region a time course of spontaneous BOLD activity is 
recorded (panel b). This time course is correlated with the time course of all other voxels in the brain 
and tested for significance using a random effects analysis across 10 subjects. Panel c shows the brain 
regions where spontaneous BOLD activity is significantly correlated with BOLD activity in the seed 
region. Figure from Fox & Raichle, 2007.
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that may reflect cardiac signals or head movements. Although the results from ICA vary 
based on the quality of the data, length of the scan, and the number of components that 
the algorithm estimates, the overall characteristics of the RSNs are highly consistent 
across subjects (Damoiseaux et al. 2006). Furthermore, ICA-derived RSNs are highly 
similar to the networks found with task-based fMRI (Laird et al. 2011; Smith et al. 2009)
(Figure 1.3).
One major advantage of ICA is that it automatically separates noise signals and 
physiological artefacts arising from motion, respiration, or cardiac pulsation from neural 
signals. Head motion poses serious problems to resting-state functional connectivity 
analyses, as it distorts the signal and hence induces noise. This noise can increase or 
decrease the observed correlations between brain regions, even when the head motion is 
very small (i.e. 0.1 mm; Van Dijk et al. 2012; Power et al. 2012; Satterthwaite 2012). The 
influence of head motion on functional connectivity is particularly problematic, when 
comparing two groups that differ in the amount of head motion. This is often the case, 
when comparing clinical to non-clinical populations, or comparing children to adults. 
In the past five years, this has led to a widespread discussion about whether reported 
Figure 1.3: Ten resting-state networks (RSNs) defined with ICA based on resting-state fMRI data of 36 
subjects (left) and ten networks defined with ICA based on the activation data of 29,671 subjects from 
the BrainMap database (right). This database contains data of > 1600 fMRI and PET activation studies. 
As can be seen in the figure, large-scale RSNs are very similar to the networks involved in activation 
studies. These 10 RSNs are consistently found across studies and represent three visual networks (pan-
els 1,2 and 3), default-mode network (panel 4), cerebellum network (panel 5), somatomotor network 
(panel 6), auditory network (panel 7), executive control network (panel 8), right and left frontoparietal 
networks (panels 9 and 10). Figure from Smith et al. 2009.
Chapter 1
28
differences in resting-state functional connectivity were solely attributable to differences 
in head motion. Several methods to reduce the influence of head motion have been pro-
posed, such as the removal of frames (volumes) with high motion (called ‘scrubbing’), the 
linear regression of motion parameters from the data, or removal of noise components 
from ICA (Van Dijk et al. 2012; Satterthwaite 2012; Power et al. 2012; Pruim, Mennes, 
van Rooij, et al. 2015). These various methods all have their advantages and disadvan-
tages, but generally are quite effective in reducing the effects of motion-induced noise. 
Importantly, Fair and colleagues found that with various motion-correction procedures 
age-related changes in functional connectivity remained observable, although effects 
were weaker for some methods (Fair et al. 2013). They also found that the same was true 
for functional connectivity differences between children with and without ADHD.
Measuring cognition
Neuropsychological tests are used both in the clinic and in research settings to objectively 
and quantitatively measure cognitive impairments of patients with ADHD (Fuermaier 
et al. 2015). Performance on these tests can be assessed categorically, i.e. by comparing 
patients and controls, but can also be used in dimensional analyses, e.g. to assess brain-
behaviour relationships. Correlations between functional connectivity strength and 
cognitive performance can give insight into how cognition and intrinsic connectivity 
might be associated, beyond the dichotomous case-control distinction (Chabernaud et 
al. 2012). As mentioned above, patients with ADHD are impaired in multiple cognitive 
domains, with large inter-individual variability in the degree of impairment on each of 
these domains. It is therefore necessary to conduct a wide range of tests that reflect these 
distinct domains in order to fully capture the potential cognitive impairment of each 
patient.
A major advantage of such diverse task sets is that they can be used to characterise 
the cognitive heterogeneity of a sample of patients. For example, Coghill and colleagues 
calculated, on how many cognitive domains each child showed impaired performance, 
defined as performing worse than 90% of the control children (Coghill et al. 2013). They 
found that a quarter of ADHD boys had no deficits in any of the domains, and the major-
ity had deficits on between one and three out of six tested domains. Another method 
to analyse such data is by identifying subgroups based on cognitive performance. Fair 
and co-workers used community detection on neuropsychological data to classify both 
typically developing children and children with ADHD into behaviourally-informed 
subgroups (Fair et al. 2012). The novelty in this analysis was that they treated each indi-
vidual as a node in a network, in which the connections between individuals were based 
on correlations in performance across the cognitive domains (Figure 1.4). Participants 
with similar ‘cognitive performance profiles’ hence clustered together in this network. 
With this approach they showed not only that the ADHD group was heterogeneous (i.e. 
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formed different clusters), but that also typically developing controls were not homoge-
neous in their performance on neuropsychological tasks. The controls formed similar 
clusters as the ADHD children. The authors concluded from this that the heterogeneity 
of ADHD, at least in childhood, is ‘nested’ in normal variation.
Such approaches, that move away from the classical case-control distinction and focus 
more on behavioural subdomains and networks of individuals, are in line with the RDoC 
framework that I introduced in the beginning of this chapter.
1.4 OUTLINE OF THIS THESIS
As discussed above, ADHD is highly heterogeneous. There are two ways to tackle the 
problem of heterogeneity in order to get a better understanding of the aetiology of adult 
ADHD. One is to acquire a large sample of patients and healthy control participants and 
to compare these two large groups on measures hypothesised to be associated with the 
disorder. The assumption here is that the sample size provides sufficient power to detect 
small effects that may not necessarily be present in all patients, but nonetheless explain 
some aspect of disease aetiology of the total patient group. In Part 1 of this thesis, I followed 
this rationale. In Chapter 2, I describe a detailed investigation into neuropsychological 
performance of adults with ADHD compared to healthy adult control participants. In 
this study, we investigated the degree of impairment of adults with ADHD in multiple 
cognitive domains as well as the predictive value of these cognitive tasks for the ADHD 
diagnosis. Furthermore, we investigated, whether differences in drug treatment or a his-
tory of major depressive disorder accounted for differences between patients. In Chapter 
3, we again compared adults with and without an ADHD diagnosis, but this time on the 
Figure 1.4: A schematic representation of a network, where each node (circles) is connected to other 
nodes via an edge (lines). Strongly connected nodes form clusters (shaded areas). Figure from Fair et al. 
2012.
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functional network organisation, as measured with resting-state fMRI. We specifically in-
vestigated resting-state networks that were previously shown to be implicated in ADHD. 
Next to comparing patients to controls, we also conducted a dimensional investigation 
on the linear association between clinical ADHD symptoms and functional connectivity 
strength in these networks.
In Part 2 of this thesis, I describe two investigations trying to parse heterogeneity, 
namely to subdivide the patient sample, and possibly also the controls based on the char-
acteristics derived from the earlier chapters. The assumption here is that this provides 
more homogeneous subgroups that, although smaller in sample size, show effects with 
larger explanatory power. For the study described in Chapter 4, we again used the neu-
ropsychological data. Following the rationale of Fair and colleagues, which I described 
in the previous section, we treated the sample of patients and control participants as 
networks. Within these networks, we sought for clusters of individuals that were highly 
correlated in their performance across distinct cognitive domains. In Chapter 5, we 
used these cognition-based subtypes to investigate whether these subgroups would show 
distinct features of functional connectivity, which would provide a neurobiological expla-
nation of heterogeneity in adult ADHD.
The network perspective in this thesis is twofold. First, we used network approaches to 
investigate brain functioning not by measuring activity of distinct brain regions, but by 
analysing the functional connections between these regions (Chapters 3 and 5). Second, 
we used network-analysis methods to investigate whether individuals can be clustered 
together based on differences in behaviour, instead of diagnostic labels (Chapter 4).
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ABSTRACT
Attention-deficit / hyperactivity disorder (ADHD) in childhood is associated with im-
paired functioning in multiple cognitive domains: executive functioning (EF), reward 
and timing. Similar impairments have been described for adults with persistent ADHD, 
but an extensive investigation of neuropsychological functioning in a large sample of 
adult patients is currently lacking. We systematically examined neuropsychological per-
formance on tasks measuring EF, delay discounting, time estimation and response vari-
ability using univariate ANCOVA’s comparing patients with persistent ADHD (N = 133, 
42% male, mean age 36) and healthy adults (N = 132, 40% male, mean age 36). In addition, 
we tested which combination of variables provided the highest accuracy in predicting 
ADHD diagnosis. We also estimated for each individual the severity of neuropsychologi-
cal dysfunctioning. Lastly, we investigated potential effects of stimulant medication and 
a history of comorbid major depressive disorder (MDD) on performance. Compared to 
healthy adults, patients with ADHD showed impaired EF, were more impulsive, and more 
variable in responding. However, effect sizes were small to moderate (range: 0.05 – 0.70) 
and 11% of patients did not show neuropsychological dysfunctioning. The best fitting 
model predicting ADHD included measures from distinct cognitive domains (82.1% 
specificity, 64.9% sensitivity). Furthermore, patients receiving stimulant medication or 
with a history of MDD were not distinctively impaired. To conclude, while adults with 
ADHD as a group are impaired on several cognitive domains, the results confirm that 
adult ADHD is neuropsychologically heterogeneous. This provides a starting point to 
investigate individual differences in terms of impaired cognitive pathways.
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2.1 INTRODUCTION
Attention-deficit / hyperactivity disorder (ADHD) is a common and highly heritable 
neuropsychiatric disorder in childhood that is strongly persistent over time. At least 
35% of all childhood patients still meet full ADHD criteria in adulthood (American 
Psychiatric Organisation 2000), and this percentage is much higher (78%) when partial 
remitted patients are included (Biederman et al. 2010). ADHD has an average prevalence 
of 2.5 - 4.9% in the adult population (Simon et al. 2009). The clinical phenotype of ADHD 
is characterised by persistent, age-inappropriate symptoms of inattention, and / or hyper-
activity and impulsivity (American Psychiatric Organisation 2000).
ADHD has been associated with neurocognitive dysfunctioning, and over the years, 
several neuropsychological theories about ADHD aetiology have been put forward. One 
of the most influential theories proposed ADHD to arise from a single core deficit in 
behavioural inhibition, which leads to secondary impairments in several executive func-
tions (Barkley 1997). However, this assumption of a central deficit was challenged by data 
showing that ADHD patients are impaired in multiple neuropsychological domains. It 
has therefore been proposed that there are distinct pathways to dysfunction, including 
executive function (EF) deficits, delay aversion, and timing problems (Castellanos et al. 
2006; Sonuga-Barke et al. 2010). Although not included in the multiple pathway model, 
another characteristic of ADHD is performance variability. The inconsistency in perfor-
mance and the high prevalence of moment-to-moment variability in reaction times is 
one of the most consistently reported manifestations of ADHD. Reaction time variability 
(RTV) received extensive discussion as an indicator of cognitive performance, although 
the exact nature of high RTV in ADHD is still uncertain (Kofler et al. 2013; Tamm et al. 
2012).
Studies of cognitive functioning in adults with ADHD suggest that cognitive impair-
ments found in adults resemble those observed in children with ADHD, showing equally 
moderate effects sizes (for meta-analytic reviews, see Boonstra et al. 2005; Hervey et al. 
2004; Schoechlin & Engel 2005). Similar results were derived from qualitative reviews 
(Seidman 2006; S. P. Woods et al. 2002). Recent meta-analyses in adult ADHD focused 
solely on deficits found in working memory (Alderson et al. 2013) and long-term memory 
(Skodzik et al. 2013). Furthermore, recent experimental studies on adult ADHD show 
deficits in attention (Fuermaier et al. 2015; Grane et al. 2014), set-shifting (Boonstra et al. 
2010; Halleland et al. 2012; Rohlf et al. 2012), inhibition (Boonstra et al. 2010; Fuermaier 
et al. 2015), (working) memory (Fuermaier et al. 2015; Rohlf et al. 2012; Lundervold et 
al. 2015), delay discounting (Marx et al. 2010), and increased reaction time variability 
(Grane et al. 2014; Feige et al. 2013; Gmehlin et al. 2014).
From the childhood literature, we know that ADHD is characterised by large het-
erogeneity at the neuropsychological level, which means that only a minority of ADHD 
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patients shows deficits in each domain and that some patients with ADHD will perform 
in the normal range (Nigg, Willcutt, et al. 2005). Such heterogeneity was illustrated in a 
recent study on boys with ADHD (Coghill et al. 2013). Per cognitive domain merely 18-
36% of the patients had an impairment, while 25% of the sample did not show deficient 
performance in any of the cognitive domains.
Heterogeneity in cognitive performance within a sample of ADHD patients may also 
arise from differences in medication use or comorbidity. Stimulants are effective for 
the treatment of clinical symptoms in adult ADHD (Faraone et al. 2004) and also in 
neuropsychological studies medication is usually seen as a potential moderator. Many 
neuropsychological studies in ADHD have included patients who had previously taken 
stimulant medication, or were receiving stimulant medication at the time of the study. 
To eliminate the acute effects of medication, most studies used a washout period (24h 
or 48h). However, stimulants may act longer than 48h (McCarthy et al. 2014). Similarly, 
ADHD patients with a comorbid psychiatric disorder showed greater neuropsychological 
deficits than ADHD patients without comorbidity (Hervey et al. 2004) and may represent 
a distinct subgroup, with different cognitive profiles (Fischer et al. 2007). However, it 
has also been shown that cognitive deficits in adult ADHD cannot be accounted for by 
comorbid disorders (Nigg, Stavro, et al. 2005; Silva et al. 2013). Major depressive disorder 
(MDD) is the most frequently observed comorbidity, and can co-occur with ADHD in 
up to 50% of the cases (Wilens et al. 2009). MDD has been associated with cognitive 
difficulties in memory, attention and problem-solving. Only two studies examined co-
morbid MDD in ADHD to date, both suggesting that current comorbid MDD symptoms 
may not influence neuropsychological profiles in ADHD (Katz et al. 1998; Riordan et 
al. 1999). While potential effects of comorbid MDD on cognition are often controlled 
for by excluding patients with current MDD from a study, many included patients will 
have remitted MDD. It is currently not known whether adult ADHD patients with MDD 
in remission are distinctively impaired on cognitive performance, although it has been 
shown that ADHD symptom severity increases in association with lifetime occurrence of 
comorbid MDD (Simon et al. 2013).
Reviewing the literature of adult ADHD shows that experimental studies and meta-
analyses are limited by relying on relatively small samples with different inclusion criteria 
and tasks. Those studies had limited power to investigate confounding effects on neuro-
psychological functioning such as comorbidity or treatment. Also, the investigation of 
different tasks or functions in different samples has limited the possibility to construct 
a comprehensive picture of impairments associated with adult ADHD. To improve 
confidence in the findings, replication/validation in a large cohort of adult ADHD pa-
tients is thus desirable. Lastly, except for studies by Seidman et al. (1998), Boonstra et 
al. (2010), and Fuermaier et al. (2015), most studies assessed only a narrow range of 
neuropsychological tasks. Therefore, we investigated case-control differences on a wide 
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range of well-described neuropsychological tasks using the largest sample of adult ADHD 
patients to date. Neuropsychological tasks were chosen based on the multiple pathway 
model and RTV literature described above and measured motor speed, sustained atten-
tion, inhibition, delay discounting, time estimation, set-shifting, verbal fluency, working 
memory, and response variability. We expected effect sizes to be moderate, with strongest 
effects on RTV as this is a pervasive characteristic observable across tasks (Kofler et al. 
2013). Furthermore, we were interested in the diagnostic relevance of these tasks. From 
a clinical perspective it is interesting to know the predictive importance of neuropsycho-
logical measurements in ADHD classification. Previous literature showed however that 
neuropsychological measurements have a relatively poor ability to discriminate between 
children with ADHD and typically developing controls (Sjöwall et al. 2013) or adults 
with ADHD and psychiatric patients without ADHD (Holst & Thorell 2013). It remains 
an open question how discriminative the investigated neuropsychological tasks are in a 
sample of healthy adults with and without ADHD. We further investigated heterogeneity 
in performance and severity by computing the number of deficient test scores per par-
ticipant as was previously done in childhood ADHD (Coghill et al. 2013). Additionally, 
we explored the potential effect of stimulant medication and a history of comorbid MDD 
on performance.
2.2 METHODS
Participants
The study population was the Dutch cohort of the International Multicenter persistent 
ADHD CollaboraTion (IMpACT - http://impactadhdgenomics.com (Franke et al. 
2010). This is an ongoing study that at the time of analysis (1 January 2014) included 
298 participants (155 adult ADHD cases, 143 healthy comparison participants). Patients 
and healthy control participants were recruited at the department of Psychiatry of the 
Radboud university medical center in Nijmegen and through advertisements. Patients 
were included if they had previously been diagnosed with persistent ADHD, i.e. present 
since childhood, by a psychiatrist according to the Diagnostic and Statistical Manual of 
Mental Disorders (4th edition; DSM-IV-TR; American Psychiatric Organisation 2000). 
Exclusion criteria for participants were psychosis, alcohol or substance addiction in 
the last six months, current major depression, full-scale IQ estimate <70, neurological 
disorders, sensorimotor disabilities, non-Caucasian ethnicity, medication use other than 
psychostimulants, atomoxetine or bupropion and failure to withhold stimulant medica-
tion 24 hours prior to testing (see procedure below). Additional exclusion criteria for 
healthy controls were a current or lifetime neurological or psychiatric disorder in either 
the proband or his/her first-degree relatives. From the total sample, 33 participants (22 
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patients, 11 controls) had to be excluded because they met at least one of these exclusion 
criteria (see Box 1.2 in Chapter 1).
This study was approved by the regional ethics committee (Centrale Commis-
sie Mensgebonden Onderzoek: CMO Regio Arnhem – Nijmegen; Protocol number 
III.04.0403). Written informed consent was obtained from all participants.
Procedure
Subjects were invited for two sessions (see Box 1.2 in Chapter 1), one including a detailed 
psychiatric assessment and blood withdrawal for biobanking of DNA, RNA and serum. A 
second session consisted of cognitive testing and neuroimaging procedures. The genetic 
and neuroimaging data are described elsewhere (i.e. Franke et al. 2010; Hoogman et al. 
2011). For session 2, participants were requested to withhold stimulant medication 24 
hours prior to testing.
Psychiatric assessment
Both patients and controls were assessed using the structured Diagnostic Interview 
for ADHD in Adults (DIVA, Kooij 2010). This interview focuses on the 18 DSM-IV 
symptoms of ADHD and uses concrete and realistic examples to thoroughly investigate 
whether a symptom is currently present or was present in childhood. In addition, a 
self-report questionnaire on current symptoms was obtained using the ADHD Rating 
Scale-IV (Kooij et al. 2005). The Dutch version of the Structured Clinical Interview for 
DSM-IV, SCID-I and SCID-II (Groenestijn et al. 1999; Weertman et al. 2000) was used 
to identify lifetime Axis I and II disorders. Twenty-two patients and 12 controls did 
not participate in the clinical interview. These participants were included in the main 
analysis based on a prior diagnosis of ADHD by a psychiatrist and if they reached clinical 
threshold for ADHD based on the self-report scale. They were excluded from the analysis 
of comorbidity (see below).
Neuropsychological measurements
The neuropsychological test battery included measures tapping into EF (working memory, 
attention, inhibition, set-shifting, verbal fluency), delay discounting, and time estima-
tion. Details about tasks and main outcome measures are described in Table 2.1 and the 
supplementary text. To estimate IQ, Vocabulary and Block Design of the Wechsler Adult 
Intelligence Scale (WAIS-III) were administered (Wechsler 1997). The tests were always 
administered in the same order.
Data analysis of neuropsychological tasks
All measures were entered as raw scores in the analyses. Performance on each neuro-
psychological measure was entered as the dependent variable in separate univariate 
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Table 2.1: Tasks and outcome measures of the neuropsychological test battery
Task Task description* Cognitive 
domain
Outcome measure
1. Baseline 
speed task
Participants respond with a button 
press as quickly as possible when a 
fixation cross changes into a block-
shape
Motor speed & 
reaction time
Mean RT
SD of RT
2. WAIS-III 
Digit span task
Participants repeat strings of digits that 
are read aloud by the experimenter. 
In the backward condition, strings are 
repeated in reverse order. Each trial the 
working memory load increases.
Executive 
functioning: 
Working 
memory
Forward digit span score
Backward digit span score
3. Flanker task Participants respond with a button 
press to the colour of the center 
block (yellow or blue), flanked by 
other blocks. In part 1, the center 
block is flanked by blocks of the same 
colour (congruent trial) or a different 
colour (green, neutral trial). In part 
2, the neutral trials are replaced by 
incongruent trials (flanking blocks 
with the colour of the alternative 
response).
Executive 
functioning: 
Inhibition
Total mean RT (average over part 
1 and 2)
Total SD of RT (average over part 
1 and 2)
Inhibition RT (difference in RT on 
congruent and incongruent trials 
in part 2)
Inhibition errors (difference in 
error rate between congruent and 
incongruent trials in part 2)
4. Sustained 
attention dots 
task (SA-dots)
Three, four or five dots are presented 
on the screen. Participants respond 
with a button press with the dominant 
hand to four dots and with the non-
dominant hand to three or five dots. 
An erroneous button press to three or 
five dots is a false alarm; an erroneous 
button press to four dots is a miss. For 
analysis, the task is split up into ten 
blocks, or series, in order to compute 
variance in performance over time. The 
duration of task is 20 minutes.
Executive 
functioning: 
Attention & 
inhibition
Mean series completion time
SD series completion time
SD series errors (SD of the errors 
made across blocks)
Response bias (the difference 
between the number of misses and 
the number of false alarms across 
the entire task)
5. Sustained 
Attention to 
Response Task 
(SART)
Go/No-Go task. Participants respond 
with a button press to single digits 
presented on the screen (1-9), but need 
to withhold a response when the digit 3 
is presented.
Executive 
functioning: 
Attention & 
inhibition
Number of commission errors
Number of omission errors
Mean RT hits
SD of RT hits
6. Trailmaking 
task
Participants need to connect dots 
containing numbers in consecutive 
order (part A) or alternating between 
numbers and letters in consecutive 
order (part B).
Executive 
functioning: 
Motor control 
& set-shifting
Time to complete part A
Time to complete part B
Difference in time to complete part 
B and time to complete part A
7. Semantic 
category and 
initial letter 
fluency
Participants name as many animals 
or professions they can think of in 
one minute. Next, they name as many 
words starting with a ‘D’, ‘A’ or ‘T’ as 
they can think of in one minute.
Executive 
functioning: 
Verbal fluency
Number of words mentioned in 
category animals
Number of words mentioned in 
category professions
Number of words mentioned in 
category letters (total of 3 letter-
trials)
Chapter 2
42
ANCOVA’s, testing the difference between patients and controls. Age and gender were 
entered as covariates of no interest in order to reduce error variance (Miller & Chap-
man 2001). This was justified as age and gender did not differ between the groups. We 
therefore also did not investigate interactions between diagnosis and age or gender. As 
IQ is correlated with performance on many neuropsychological tasks, we investigated 
whether adding estimated IQ as an additional covariate would influence the findings. 
As IQ also did not differ between groups, this analysis using ANCOVA was justified and 
did not serve to control for IQ. Assumptions with respect to the residuals were checked 
and neuropsychological measures were transformed if necessary. Outliers were defined 
as having a score more extreme than four times the standard deviation above or below 
the mean per group (Leth-Steensen et al. 2000; Nigg, Stavro, et al. 2005). This threshold 
guarded against artefacts and chance level performance, while still including cases per-
forming at the extreme of the normal distribution. If a participant’s score was an outlier 
on one outcome variable of a task, his/her scores on all outcome variables from that task 
were excluded. Effect sizes were computed as Cohen’s D, using the corrected means from 
the ANCOVA’s (Cohen 1988).
Multiple comparison correction was performed by estimating the effective number 
of independent tests (Meff; Li & Ji 2005). This method takes into account the correlation 
structure between measures and calculates the Meff based on the observed eigenvalue 
variance of the different neuropsychological measures using the matSpD interface (http://
genepi.qimr.edu.au/general/daleN/matSpD). The p-value for significance was determined 
Table 2.1 (continued)
Task Task description* Cognitive 
domain
Outcome measure
8. Delay 
discounting task
Participants repeatedly have to choose 
between two hypothetical incentives 
that differ in the value (money) and 
delay (time until the money would be 
received). The impulsivity parameter 
(k) is computed from the present value 
of the delayed reward (V), the real 
value of the delayed reward (a) and the 
delay in days (D) with the formula: V 
= a/ (1+kD).
Delay aversion 
& impulsivity
K 100 (impulsivity high rewards)
K 30 (impulsivity intermediate 
rewards)
K 10 (impulsivity low rewards)
9. Time 
estimation task
Participants have to respond with a 
button press exactly one second after 
hearing a sound beep. First, during a 
training session the length of a second 
is shown several times. During the 
experiment, feedback is given (‘too 
slow’, ‘correct’, ‘too fast’).
Timing Median response time
Absolute deviation of the median 
response time from 1000 ms
RT = reaction time; SD = standard deviation; ms = milliseconds. * More detailed information about the 
tasks, including references, can be found in the Supplementary information.
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as 0.05 divided by Meff. Twenty-seven measures resulted in twenty-two independent tests 
and therefore, only effects with a p-value < 0.0023 were considered significant.
Second, to investigate discriminating ability of the neuropsychological test battery, 
we used a step-wise backward logistic regression model. To maximise power, with our 
sample size, we included only those neuropsychological measures that were nominally 
significant in the case-control comparison to determine the model with the highest pre-
diction accuracy of diagnostic status. Variables were retained in the model when they 
significantly contributed to the likelihood ratio statistic, all other variables were excluded.
To investigate heterogeneity in cognitive impairments, we computed the number of 
deficient test scores for each participant. Similar to previous studies, a deficient score was 
defined as performance below the 10th percentile of the performance distribution of the 
control group (Coghill et al. 2013; Nigg, Willcutt, et al. 2005). For variables where higher 
scores indicated worse performance, deficiency was defined as a score above the 90th 
percentile of performance distribution of the control group. For the variable ‘time estima-
tion median response time’ performance at both lower and upper extreme was scored as 
deficient. As not all participants had completed data for all tasks, we computed the rela-
tive number of deficient test scores as a percentage of the total number of scores for that 
participant. We labelled between 1% and 20% deficient test scores as ‘mildly impaired’, 
between 20% and 40% as ‘impaired’ and above 40% as ‘severely impaired’. The difference 
between cases and controls in the number of relative deficient test scores was computed 
using an ANCOVA with age and gender as covariates. In addition, we repeated the same 
analysis in a restricted group of only those participants with complete data (N = 168).
Effects of stimulant medication and history of MDD
We conducted two exploratory analyses. First, in order to investigate stimulant medi-
cation effects on neuropsychological measures, we used separate ANCOVA’s for each 
neuropsychological measure comparing medication naïve patients (N = 20), medicated 
patients (N = 83), and healthy control participants (N = 132), with age and gender as 
covariates. Second, we conducted a similar analysis comparing patients with at least one 
lifetime MDD episode (now in remission, N = 55), patients without a history of MDD (N 
= 68), and healthy controls without prior episodes of MDD (N = 112). Twenty healthy 
control participants reported to have experienced depressive episodes in the past and 
were therefore excluded from this analysis. For both analyses, in the case of a main effect 
of group on the neuropsychological measure, we tested post-hoc the differences between 
groups. These post-hoc tests were Bonferroni corrected for multiple testing.
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2.3 RESULTS
Demographics
A total of 265 participants (132 healthy controls and 133 ADHD patients) were included 
in the analyses. Demographic information is provided in Table 2.2. Patients and controls 
did not differ in age, handedness, and estimated IQ. Gender was equally distributed 
across groups. Patients had received fewer years of education than controls. As expected, 
patients had significantly more ADHD symptoms based on the diagnostic interview and 
self-report. Information about psychiatric comorbidities and medication is summarised 
in Supplementary Tables 2.2 and 2.3.
Table 2.2: Demographics (N = 265a)
Healthy controls
(N = 132)
ADHD patients
(N = 133)
p-value
Gender (N) 53 (40.2%) male 56 (42.1%) male n.s.
Age (mean) 36.30 (11.75), range 19-63 35.56 (10.40), range 18 - 59 n.s.
Estimated IQb (mean) 109.97 (14.90) 107.83 (14.28) n.s.
Educationc (mean) 5.16 (0.81), range 3 - 7 4.70 (0.80), range 2 - 7 < 0.001
Participants who repeated school years 
(once or more; N)
53 (40.2%) 77 (57.9%) 0.005
Participants with non-completed 
education programs (one or more; N)
40 (33.3%) (N = 128) 87 (67.4%) (N = 129) < 0.001
Handedness (N) 115 (87.1%) right,
13 ( 9.8% ) left,
3 (2.3%) ambidextrous
113 (85%) right,
16 (12%) left,
4 (3%) ambidextrous
n.s.
Inattentive symptoms (DIVA; mean) 0.39 (0. 83), 0 – 4 (N = 120) 7.38 (1.55), 3 – 9 (N = 112) < 0.001
Hyperactive / impulsive symptoms 
(DIVA; mean)
0.52 (0.98), 0 – 4 (N = 120) 5.76 (2.27), 0 – 9 (N = 112) < 0.001
Total symptoms (DIVA; mean) 0.91 (1.43), 0 – 8 (N = 120) 13.14 (2.76), 7 – 18 (N = 112) < 0.001
Inattentive symptoms (selfreport; mean) 0.53 (0.98), 0 – 5 (N = 131) 6.40 (2.09), 0 – 9 < 0.001
Hyperactive / impulsive symptoms 
(selfreport; mean)
0.89 (1.44), 0 – 6 (N = 131) 5.58 (2.26), 0 - 9 < 0.001
Total symptoms (selfreport; mean) 1.42 (2.14) 0 – 9 (N = 131) 11.98 (3.37), 1 - 18 < 0.001
P-values represent the significance of the group difference, tested with independent samples t-tests for 
continuous data or Pearson Chi-square tests for categorical data; a) 32 subjects from the total sample 
were excluded from analyses according to our exclusion criteria; b) IQ was estimated based on per-
formance on the WAIS-III block pattern and vocabulary tasks; c) Education level was coded from 1 
(unfinished primary school) to 7 (post-university); d) DIVA interview data was missing for 22 patients.
Effect of diagnosis on cognitive performance
Findings from the case-control comparison of neuropsychological performance are 
summarised in Table 2.3 and Figure 2.1. In the domain of EF patients were impaired 
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on working memory and attention, but no group differences were found for inhibition 
(Flanker and SART task) and verbal fluency. In the domain of delay aversion patients 
performed worse than controls on the delay discounting task, but not in the domain of 
timing (time estimation task). Across several tasks, patients were also more variable in 
their reaction times than controls. Response speed did not differ between patients and 
controls in most tasks, except for both conditions of the Trailmaking tasks. Effect sizes 
were in the small to medium range, with the largest effect on the SA-dots task where 
patients showed more fluctuation in errors across blocks (effect size = −0.71). Adding the 
covariate IQ, in addition to age and gender, did not significantly alter the results.
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Figure 2.1: Differences in performance between ADHD patients and controls on measurements from 
several cognitive domains. Bar graphs indicate the average performance per group for each neuropsy-
chological measure (time estimation absolute median deviation from 1000ms is not shown); error bars 
represent the standard error of the mean. Dark grey bars represent the healthy control group, lighter 
grey bars represent ADHD patient group. An asterix (*) indicates measures where patients differed 
significantly from controls.
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Table 2.3: Case/control analysis of cognitive performance (N = 265)
NPO Task Variable Healthy
Controls
Mean (SD)
ADHD
Mean (SD)
ANCOVA
F (df), p-value
Effect size
Cohen’s D
1. Digit span test
HC: N =132
ADHD: N = 128
Forward score 9.83 (2.36) 8.99 (1.95) 10.45 (1, 256),
p = 0.001*
0.40
Backward score 7.49 (2.34) 6.69 (2.22) 8.62 (1,256),
p = 0.004
0.37
2. Baseline speed
HC: N =130 
ADHD: N = 129
Mean RT 313.28 (49.42) 316.83 (55.29) 0.40 (1, 255), n.s. −0.07
SD of RT † 4.08 (0.53) 4.26 (0.57) 7.47 (1,255),
p = 0.007
−0.34
3. Flanker task
HC: N =127
ADHD: N = 123
Total mean RT 525.37 (73.00) 537.93 (92.87) 1.85 (1, 246), n.s. −0.18
Total SD of RT 93.74 (37.04) 118.39 (58.87) 15.90 (1, 246),
p < 0.001*
−0.51
Inhibition RT 28.44 (28.25) 23.13 (40.76) 1.45 (1, 246), n.s. 0.14
Inhibition errors 0.68 (1.48) 0.63 (1.47) 0.11 (1, 246), n.s. 0.05
4. SAdots
HC: N =128
ADHD: N = 123
Mean series completion 
time
899.05 (129.21) 944.71 (186.08) 5.03 (1,247),
p = 0.026
−0.28
SD completion time † 3.81 (0.44) 4.07 (0.53) 16.82 (1, 247),
p < 0.001*
−0.52
SD errors † 0.70 (0.19) 0.86 (0.26) 32.03 (1,247),
p < 0.001*
−0.71
Response bias 5.05 (6.10) 9.16 (9.51) 18.35 (1,247),
p < 0.001*
−0.52
5. SART
HC: N = 110
ADHD: N = 104
Commission errors 9.31 (5.03) 10.51 (4.87) 3.02 (1,210),
n.s.
−0.25
Omission errors 2.63 (3.57) 4.04 (4.97) 5.72 (1,210),
p = 0.018
−0.32
Mean RT hits 315.50 (57.48) 326.09 (60.74) 2.44 (1,210),
n.s.
−0.21
SD or RT † 4.35 (0.36) 4.56 (0.44) 14.17 (1,210),
p < 0.001*
−0.53
6. Fluency
HC: N = 132
ADHD: N = 131
Category; Animals 27.76 (5.77) 25.85 (5.97) 6.84 (1,259),
p = 0.009
0.32
Category: professions 20.27 (5.23) 19.81 (5.09) 0.48 (1,259), n.s. 0.10
Letters 41.91 (10.51) 38.95 (10.87) 5.15 (1,259),
 p = 0.024
0.29
7. Time 
estimation
HC: N = 126
ADHD: N = 116
Median response time 1007.09
(67.61)
997.94 (82.21) 1.13 (1,238), n.s. 0.14
Absolute deviation of the 
median response time from 
1000 ms
49.38 (46.38) 63.92 (51.40) 5.49 (1,238),
p = 0.020
−0.30
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Variables predicting ADHD diagnosis
A stepwise backwards logistic regression identified six out of 17 variables to significantly 
contribute to a model predicting diagnosis: Digit span (forward), Flanker (total SD of 
RT), SAdots (SD series errors and response bias), Delay discounting (k100) and Time 
estimation (absolute median deviation from 1000ms). The entire model significantly 
distinguished patients from controls (Log-likelihood = 174.13, R2 (Nagelkerke) = 0.39, 
χ2 = 57.54 (6 df), p < 0.001) and had a sensitivity (correctly predicting patients) of 64.9% 
and a specificity (correctly predicting controls) of 82.1%. Model details are shown in 
Supplementary Table 2.4.
Number of deficient test scores across all outcome measures
Patients had deficient test scores on a significant larger proportion of variables than con-
trols (mean controls = 9.16% (SD = 9.23), mean ADHD = 15.82% (SD = 13.55), F = 22.34 
(1,261), p < 0.001). This effect remained when only including participants with complete 
data (F = 13.08 (1,164), p < 0.001). As apparent from Figure 2.2, there was a large vari-
ability between individual patients, with some patients not having any deficient scores 
(11%), while others were severely impaired (5%). The majority (62%) of patients was 
mildly impaired, and 23% was impaired. This variability was also present in the control 
group, although here the majority of participants (64%) had deficient scores on 10% or 
less of the outcome variables.
Table 2.3 (continued)
NPO Task Variable Healthy
Controls
Mean (SD)
ADHD
Mean (SD)
ANCOVA
F (df), p-value
Effect size
Cohen’s D
8. Delay 
Discounting
HC: N = 123
ADHD: N = 109
K 100 † −5.25 (1.54) −4.50 (1.65) 12.85 (1,228),
p < 0.001*
−0.48
K 30 † −4.76 (1.65) −4.38 (1.66) 3.15(1,228),
n.s.
−0.23
K 10 † −4.39 (1.43) −3.97 (1.67) 4.43(1,228),
p = 0.036
−0.27
9. Trailmaking 
task
HC: N = 132
ADHD: N = 128
Part A 23.70 (7.51) 26.80 (8.24) 11.60 (1,256),
p = 0.001*
−0.43
Part B 50.06 (17.30) 57.89 (20.30) 12.50 (1,254),
p < 0.001*
−0.44
Part B - A 26.33 (13.51) 31.00 (18.38) 5.88 (1,254),
p = 0.016
−0.30
ANCOVA testing the effect of group for each neuropsychological measure, with age and gender as co-
variates. † log-transformed variable to a normal distribution. * indicates p-values surviving correction 
for the effective number of independent tests conducted (N = 22, significance threshold (type 1 error 
rate at 5%) = 0.0023; Li and Ji, 2005).
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Effects of stimulant medication and history of MDD on neuropsychological measures
We additionally investigated the effect of stimulant medication on neuropsychological 
performance by comparing medication naïve patients, medicated patients and controls. 
Group effects where all in the same direction as in the main case-control analysis, al-
though smaller (Supplementary Table 2.5). Post-hoc comparisons indicated that on the 
time estimation task medication naïve patients responded faster than medicated patients 
and controls.
The main effects from the case-control analyses were also reproduced when comparing 
healthy controls to ADHD patients with and without a history of MDD (Supplementary 
Table 2.6). On none of the neuropsychological measures did patients with a history 
of MDD differ from patients without this comorbidity. However, on several measures 
patients with a history of MDD did not differ from controls and patients without MDD, 
despite a main effect of group.
2.4 DISCUSSION
In this study we examined the neuropsychological performance of a large group of pa-
tients with persistent ADHD and healthy adult control participants on a broad range 
of neuropsychological tasks. As a group, patients with ADHD showed impaired EF, 
especially working memory and sustained attention, were more sensitive to delay aver-
sion, and had increased response variability as compared to healthy controls. Stepwise 
logistic regression analysis showed that measures from distinct cognitive domains col-
Healthy controls ADHD patients
No deficits
Mildly impaired
Impaired
Severely 
impaired
24%
64%
11%
1%
11%
61%
23%
5%
Mildly impaired
Impaired
Severely 
impaired
Figure 2.2: Deficient test scores across participants. For each participant, deficient test scores were com-
puted as the number of test scores that were below the score of the bottom 10% of the control group, 
divided by the total number of test scores of that participant and multiplied with 100%. The sections in-
dicate the percentage of participants that had a deficient test score within a certain bin. ‘Mildly impaired’ 
are participants with 1-20% deficient test scores, ‘impaired’ are those with 20-40% deficient test scores 
and those with more than 40% deficient were labelled as ‘severely impaired’.
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lectively contributed to the predictive model explaining variance in ADHD. Despite this, 
the model had limited predictive power for diagnostic status. Cognitive heterogeneity 
of the sample was also apparent from large inter-individual variability in the number 
of deficient test scores, especially in the ADHD group, but also in controls. Strikingly, 
no case-control differences were found in tasks measuring inhibition and timing in our 
test battery. Effect sizes were small to moderate, and medication and a history of MDD 
comorbidity did not explain differences in performance in adult ADHD.
As described, a popular model of childhood ADHD implicates three neuropsycho-
logical pathways in childhood ADHD, one involving EF deficits, one involving altered 
reward processing, and one involving temporal processing deficits (Castellanos et al. 
2006; Sonuga-Barke et al. 2010). We report evidence of impairment in EF and reward 
processing, but not temporal processing in patients with persistent ADHD. Our finding 
that EF deficits are primarily related to working memory and sustained attention is in 
agreement with the adult ADHD literature (Boonstra et al. 2005; Hervey et al. 2004). This 
result stresses the significance of attentional problems in adult ADHD and may reflect 
the fact that symptoms of hyperactivity and impulsivity decrease as ADHD children ap-
proach adulthood (Biederman et al. 2000). It has been suggested that low IQ may partly 
explain working memory and attention deficits in adult ADHD (Boonstra et al. 2010; 
Murphy et al. 2001). However, as the groups did not differ on IQ, and covarying for IQ 
did not alter the results, this explanation is unlikely.
Contrary to expectations, we did not find EF differences related to inhibition, set-
shifting, or verbal fluency. The ability to inhibit a response has been posited as a core 
domain of impairment in ADHD (Barkley 1997), and has been found in several studies of 
adult ADHD (Boonstra et al. 2010; Boonstra et al. 2005; Hervey et al. 2004), though not in 
others (Gmehlin et al. 2014; Halleland et al. 2012). We used the SART and Flanker tasks 
to measure inhibition, but are cautious to interpret our null findings as strong evidence 
against inhibition deficits in adult ADHD. First, the Flanker task showed a ceiling effect 
in inhibition errors, which is consistent with findings in early adolescence (Drechsler et 
al. 2005; Harms et al. 2014). This task may therefore lack sensitivity to measure inhibition 
impairments in adult ADHD. Second, on the SART, the number of commission errors 
(measuring inhibition) did not differ between patients and controls, nor did the number 
of omission errors (measuring attention). To better characterise inhibition deficits in 
adult ADHD, a more sensitive measure would be the stop signal reaction time as mea-
sured with a stop signal task. Such a task is unique in that is has variable inter-stimulus 
intervals often at a rapid pace that requires participants to interrupt an already ongoing 
response. This task design may provoke impulsive responses among participants more 
strongly and may thus be more sensitive to inhibition problems in ADHD (Epstein et al. 
2001). Indeed, manipulation of response prepotency was effective in evoking response 
inhibition difficulties in adult ADHD patients (Grane et al. 2014).
Chapter 2
50
Set-shifting is another component of EF, which we measured using part B of the 
Trailmaking task. Even though patients were slower on this part of the task, they were 
equally slow on part A, which measures motor speed (Nigg, Stavro, et al. 2005). This 
finding is in line with other studies in adult ADHD suggesting that deficits in set-shifting 
are explained by impaired processing speed (Rohlf et al. 2012). We thus conclude that 
set-shifting as measured with the Trailmaking task was not impaired in the adult ADHD 
group. Lastly, patients did not differ from controls in verbal fluency measures, which 
contradicts previous findings (Boonstra et al. 2005; Hervey et al. 2004). This could be due 
to the good IQ-matching between patients and controls in our sample, whereas in other 
studies patients had lower IQ than controls. In children it was found that IQ significantly 
correlated with verbal fluency (Ardila et al. 2000). Hence, previously reported differences 
in verbal fluency may be more attributable to differences in IQ than to ADHD.
Delay aversion may represent a second neuropsychological pathway towards ADHD, 
linked to altered processing of rewards (Sonuga-Barke 2002). Our results of stronger 
delay discounting in patients are in line with other evidence of increased impulsive deci-
sion making in persistent ADHD (Marx et al. 2010; Paloyelis et al. 2009). The tendency 
to prefer immediate (smaller) over delayed (larger) rewards is also considered to be an 
aspect of impulsivity potentially important for the development of substance use disor-
ders (Dick et al. 2010). Therefore, stronger delay aversion might represent a vulnerability 
marker for substance abuse in ADHD (Bickel et al. 2012). A third pathway involves 
temporal processing deficits (Sonuga-Barke et al. 2010). In the present study, patients 
did not differ from controls on timing accuracy using a time estimation task with an 
interval of one second. These findings are supported by a recent study using the same 
task, which showed deficits in time estimation accuracy were present in adolescents with 
ADHD, but not in adults (Thissen et al. 2014). However, another study, which examined 
time estimation in adults with ADHD using several time intervals (2, 6, 12, 24, 36 and 48 
seconds), found that the patients produced errors predominantly at interval durations of 
36 and 48 seconds (Marx et al. 2010). This may suggest that tasks using an interval of one 
second may not be sensitive enough to measure existing timing deficits in adult ADHD.
In the analyses comparing patients and controls the largest effect sizes were observed 
for measures of performance variability, both in terms of fluctuations in errors as in 
reaction times. This confirms our hypothesis, which was based on previous studies 
identifying RTV as one of the most robust features of ADHD (Kofler et al. 2013; Tamm 
et al. 2012). Notably, the average reaction time on the tasks used to measure RTV did 
not differ between patients and controls, supporting the notion that RTV is not attribut-
able to differences in processing speed (Kofler et al. 2013). Rather, RTV is thought to 
reflect lapses in attention that produce a skewed reaction time distribution with a large 
tail (Leth-Steensen et al. 2000). More thorough investigation of RTV used ex-Gaussian 
modelling and showed that increased RTV is partly due to overly slow responses (Feige 
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et al. 2013; Gmehlin et al. 2014; Wolfers et al. 2015). These slow responses are reflected by 
the ex-Gaussian parameter tau, which represents the exponential component of the reac-
tion time distribution. Recently, we showed that the tau parameter was associated with 
the microstructural integrity of the right superior longitudinal fasciculus, a white matter 
tract implicated in both attention and ADHD (Wolfers et al. 2015). Taken together, such 
findings suggest a neurobiological basis for within-subject variability in ADHD. Inter-
estingly, we observed the largest effect size for the variance in errors made during the 
SA-dots task. This is a promising novel measure for future studies on sustained attention 
in ADHD using a continuous performance task.
We achieved limited accuracy in predicting ADHD diagnosis from neuropsychological 
performance, despite the large number of cognitive test variables available. This is con-
sistent with what was previously found in children with ADHD (Sjöwall et al. 2013). The 
best fitting predictive model included six measures from different cognitive domains (EF, 
response variability, timing and delay aversion) and reached 82.1% specificity and 64.9% 
sensitivity. This rather low sensitivity makes a test based on cognitive measures insuffi-
cient as a diagnostic tool for ADHD in clinical practice. The variables retained in the final 
model of the logistic regression could be influenced by outliers, as these can be expected 
to contribute strongly to the model. However, all extreme outliers were removed from 
the data before data analysis, reducing the effect of erroneous data on the model. Rather, 
the variables in the model are likely to be most sensitive to behavioural impairments 
associated with ADHD, as was also reflected in the effect sizes of most of these variables 
in the case-control analysis. Importantly, measures from distinct cognitive domains col-
lectively contributed to the model, indicating that there is not a single cognitive task or 
domain sufficient for explaining ADHD on the group level. This is in agreement with 
the theory of multiple pathways leading to impairment in ADHD (Sonuga-Barke et al. 
2010). Besides that heterogeneity can be explained by impairments in multiple cognitive 
pathways, we also observed differences in severity of impairments between individu-
als. The majority of patients were impaired on less than 20% of all cognitive measures, 
and while a small proportion of patients had more than 40% deficient test scores, 11% 
of patients did not show any deficit. This is in line with studies in childhood ADHD 
(Coghill et al. 2013; Nigg, Willcutt, et al. 2005; Sonuga-Barke et al. 2010). Importantly, 
only 23% of our healthy control participants did not show any deficits, which is much 
lower than the previously reported 53% and 60% (Coghill et al. 2013; Nigg, Willcutt, et 
al. 2005). However, these differences between studies can be explained by the fact that the 
current study included many more variables (27 instead of four and six). Furthermore, 
the majority of controls fell in the ‘mildly impaired’ group, which means they performed 
deficiently on 1-20% of the tasks. Seeing that the criterion for having a deficient test 
score was performing at the extreme of the control distribution, it would be expected that 
controls perform deficiently on some tasks.
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The current findings provide a starting point to investigate individual differences in 
terms of impaired cognitive pathways, for instance by using clustering analyses on the 
neuropsychological data (Fair et al. 2012). Such an approach follows the recently pro-
posed strategy by the NIMH, called Research Domain Criteria (RDoC) to investigate 
mental disorders in a dimensional instead of categorical manner (http://www.nimh.
nih.gov/research-priorities/rdoc/index.shtml). Neurocognitive measures can be used 
to characterise psychopathology without being restricted to current disorder categories. 
This will aid in the understanding of the neurobiological and behavioural underpinnings 
of mental disorders. Furthermore, neuropsychological investigations may be helpful for 
clinicians in characterizing individual differences, allowing more personalised treat-
ments.
We did not find evidence for subgroups within the patient group, neither due to 
stimulant medication treatment nor history of comorbid MDD, which could explain the 
observed cognitive heterogeneity. Medication use did not influence task performance in 
our exploratory analysis; medication naïve patients performed similar to medicated pa-
tients. Mechanisms linking pharmacological actions of stimulants to neuropsychological 
processes are speculative, although our results support observations that, in adult ADHD, 
stimulants seem to produce little improvement on a variety of neuropsychological tasks 
(Advokat 2010; Turner et al. 2005). Similarly, the group of patients with a comorbidity in 
the form of a history of MDD did not seem to differ greatly from the group without this 
comorbidity in terms of neuropsychological functioning. This extends earlier findings 
and suggest that ADHD patients diagnosed with current or remitted MDD show similar 
neuropsychological profiles as patients diagnosed with ADHD alone (Katz et al. 1998; 
Riordan et al. 1999). It should be noted however that the current study was not set up to 
investigate the effects of stimulant medication or differences between patients with and 
without a history of comorbid MDD, hence these effects should be investigated further.
The findings presented here should be considered in light of several strengths and 
weaknesses. This study is unique in its large, well-defined naturalistic sample of patients 
and a well-matched control sample. We have used a large battery of tasks covering EF, 
timing, and delay aversion domains. This allows our findings to be interpreted on the scale 
of cognitive domains instead of on a task-specific level. Our sample was large enough to 
investigate effects of (at least one) comorbidity. However, our investigation of the effect 
of stimulant medication was likely underpowered as there were only 20 medication naïve 
patients in our sample. Investigating the effects of stimulant medication in adults is chal-
lenging, as by definition these patients have been symptomatic for a long period. It would 
therefore be more relevant to investigate the effect of medication duration across patients, 
but this requires well-documented medication use history, which was not available. Ad-
ditionally, our findings are limited by the tasks included in our testing battery. We did not 
include measures tapping into the domains of planning or decision making, which are 
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also important in ADHD psychopathology. Furthermore, our measures of time estima-
tion could be improved by having longer timing intervals. Similarly, inhibition could be 
measured by computing stop-signal reaction times from a stop signal task. Including 
such measures might improve the predictive power for diagnostic status.
To conclude, our study provides novel insights into adult ADHD neuropsychology 
as well as confirmation of findings observed in earlier, smaller studies. In summary, our 
study adds to the literature in the following ways: 1) compared with previous studies, 
our sample size is almost two (Seidman et al. 1998) or three times larger (Boonstra et 
al. 2010; Fuermaier et al. 2015); 2) we also examined delay aversion and timing deficits 
which was not sufficiently covered by previous work; 3) while other studies investigated 
variability in reaction times only, we also investigated variability in errors made during 
a continuous performance task; 4) we investigated confounding effects of depression 
history and stimulant treatment (the ADHD patient samples from Seidman et al. (1998) 
and Boonstra et al. (2010) were all medication-naïve); 5) ours was the first study in adult 
ADHD to calculate the number of deficient test scores per participant as was previously 
done in childhood ADHD (Coghill et al. 2013); 6) we studied not only simple group 
differences but also measures of sensitivity and specificity to examine the discrimina-
tory ability of the neuropsychological test battery in adult ADHD. Our comprehensive 
analysis of cognitive performance in a large sample of patients with persistent ADHD 
and well-matched healthy control participants confirms that several cognitive domains 
are affected in the adult ADHD population, with moderate effect sizes. Both the ADHD 
and the control sample were heterogeneous in their cognitive performance, with large 
differences in the number of tasks on which participants scored deficient. In line with 
this, a predictive model including measures from several domains had limited power to 
predict diagnostic status. Neuropsychological tasks may therefore be more relevant for 
characterizing individual impairments that can specifically be targeted with personal-
ized treatment. Future studies focusing on inter-individual differences in performance of 
patients may aid in a better understanding of ADHD aetiology and its persistence, also in 
terms of the underlying biology.
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SUPPLEMENTARY INFORMATION
Description of neuropsychological tasks
Baseline speed task: A fixation cross is shown on a computer screen, which in variable 
intervals changes into a block. The participant is asked to react as fast as possible to this 
block by pressing a key. Both the non-dominant and dominant hand are assessed. Scores 
are averaged over dominant and non-dominant hand. This task is part of the ANT testing 
battery (De Sonneville 1999; Huijbregts et al. 2002).
Digit span task: Strings of digits are read aloud by the experimenter. In the forward 
condition the participant is asked to repeat the string of digits in the same order. In the 
backward condition the participant is asked to repeat the digits in the reverse order. On 
each trial the number of digits to be remembered increases. When errors are made on 
two consecutive trials, the experiment stops. This task is part of the WAIS-III (Wechsler 
1997).
Flanker task: The participant is presented a matrix of nine blocks (3 x 3) and has to 
respond by indicating if the colour of the middle block is blue or yellow (left or right but-
ton press). In part 1 of the task, this block is flanked by other blocks in the same colour as 
is the middle block (congruent trial), or in a different colour (neutral trial, green blocks). 
In part 2, the middle block is flanked by blocks of the same colour (congruent trial), or by 
blocks that have the colour of the alternative response (incongruent trial), for example, 
a yellow block flanked by blue blocks or vice versa. This task is part of the Amsterdam 
Neuropsychological Tasks (ANT) testing battery (De Sonneville 1999; Huijbregts et al. 
2002).
Sustained attention dots task (SAdots): Participants are asked to react to a series of dots 
on the screen; there can be three, four or five dots presented simultaneously. Dots appear 
in a random order in a paced tempo. When three or five dots appear on the screen, the 
participant has to react with, the ‘no-key’ (the key handled by the non-dominant hand) 
and when four dots appear the participant is asked to react, as quickly as possible, with 
the ‘yes-key’ (the key handled by the dominant hand). Pressing the ‘no-key’ when 4 dots 
appear is called a false alarm. Pressing the ‘yes-key’ when three or five dots appear is 
called a miss. For analysis, the task is split up into 10 blocks, or series, in order to compute 
variance in performance over time. For each of the 10 blocks, accuracy was calculated by 
the number of misses and the number of false alarms. Fluctuation in errors across blocks 
was then calculated using the within-subject standard deviation of errors. This task is 
part of the ANT testing battery (De Sonneville 1999; Huijbregts et al. 2002).
Sustained attention to response task (SART) (Smit et al. 2004): This task is an adaptation 
of the Go/NoGo task. A stream of digits (ranging from 1 to 9) is presented on the screen. 
The participant is asked to react to these as quickly as possible by pressing a button on 
a buttonbox. The stimuli ensure that reactions follow a certain pace. When the digit 3 is 
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presented, the participant has to withhold a response. A commission error is made when 
the participant presses the button when a 3 is presented. An omission error is made when 
the participant does not press the button when any digit that is not 3 is presented. A hit is 
made when a participant correctly responds to any digit that is not 3.
Trailmaking task (Kortte et al. 2010): In part A, participants are asked to draw a line to 
link numbers in consecutive order (1-2-3-…-25-26). These numbers are randomly placed 
on a sheet of paper. In part B, the set-shifting condition, participants are asked to draw 
a line to link numbers and letters in consecutive order (e.g. 1-A-2-B-3-….-K-12-L-13).
Semantic category and initial letter fluency task (Hurks et al. 2004): In the first part, 
participants are asked to name as many animals as they can within one minute, after-
wards they are asked to mention as many professions as they can within one minute. In 
the second part of the task participants are given a first-letter and are asked to mention as 
many words as they know that begin with that letter, again within one minute. They have 
3 trials: one with the letter ‘T’, one with the letter ‘A’ and one with the letter ‘D’. On these 
trials, it is not allowed to name any words that start with a capital letter (names, cities, 
countries etc.).
Delay discounting task (Dom et al. 2006): The participant is repeatedly asked to make a 
choice between two (hypothetical) incentives. One option generates an incentive (money) 
at a short period while the other option generates an incentive at a later time (i.e. “Do 
you prefer to receive 30 Euros 180 days from now, or 2 Euros immediately?”). During the 
task, the value of the incentives as well as the time of the delay (with which the incentive 
is gained) are varied. The impulsivity parameter (k) is computed from the present value 
of the delayed reward (V), the real value of the delayed reward (a) and the delay in days 
(D) with the formula: V = a/ (1+kD).
Time estimation task (Rommelse et al. 2008): To show the length of one second, the 
participant is first shown a picture on a computer screen for one second, this is repeated 
ten times. Next, the participant has to respond to a sound (beep) by pressing the space 
bar one second after the sound is presented. Participants receive feedback after each trial 
on the accuracy of their timing (‘too slow’, ‘too fast’, ‘correct’).
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Supplementary Table 2.1: List of reasons for exclusion of participants (N = 33)
Healthy controls (N = 11) ADHD patients (N = 22)
Current axis I disorder (N = 4) Current depression (N = 6)
Current axis II disorder (N = 2) Use of SSRI’s (N = 7)
ADHD diagnosis (DIVA symptoms) (N = 3) Current substance use disorder ( N = 3)
Other (N = 2) IQ < 70 ( N = 1)
No ADHD (1 symptom on DIVA) (N = 1)
Other (N = 4)
Supplementary Table 2.2: Psychiatric characteristics of IMpACT database (N = 265)
Healthy controls ADHD patients
N (%) N (%)
Major depressiona Current
In remission 14 (10,6) 55 (41)
Dystymic disordera Current 5 (3,8)
In remission
Manic episodea Current
In remission 1 (0,8)
Moment Psychotic symptomsa Current
In remission 4 (3)
Subtance abusea Current 1 (0,8)
In remission 6 (4,5) 23 (17,3)
Anxiety disordera Current 9 (6,8)
In remission 4 (3) 16 (12)
Obsessive compulsive disordera Current 1 (0,8)
In remission 2 (1,5)
Post-traumatic stress syndrome a Current 2 (1,5)
In remission 4 (3) 5 (3,8)
Eating disordera Current
In remission 1 (0,8) 4 (3)
Othera Current 2 (1,5)
In remission
Avoidant personality disorderb 2 (1,7)
Obsessive-compulsive personality disorderb 11 (9,1)
Passive-aggressive personality disorderb 1 (0,8)
Depressive personality disorderb 2 (1,7)
Paranoid personality disorderb 1 (0,8)
Schizotypal personality disorderb 1 (0,8)
Narcissistic personality disorderb 1 (0,8)
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Supplementary Table 2.2 (continued)
Healthy controls ADHD patients
N (%) N (%)
Borderline personality disorderb 10 (8,3)
Antisocial personality disorderb 6 (5)
aAs measured by the Structured Clinical Interview for DSM-IV for axis I disorders (Groenestijn et al., 
1999). bAs measured by the Structured Clinical Interview for DSM-IV for axis II disorders (Weertman 
et al., 2000).
Supplementary Table 2.3: Treatment characteristics of ADHD patients in the IMpACT database (N = 
133)
Group Medication class N Treatment duration in months
Mean (SD)
Medication naïve - 20 –
Amphetamine stimulant 14 35 (27)
Methylphenidate stimulant 69 27 (28)
Nonstimulant 4 55 (76)
Antidepressant 5 61 (60)
Amphetamine and antidepressant 1 11
Methylphenidate and antidepressant 2 42 (42)
Nonstimulant and antidepressant 0 –
Past treatment Unknown 18 13 (16)
Supplementary Table 2.4: Backward stepwise binary logistic regression predicting diagnosis from 17 
variables
Variable in model
Backward model
B (SE) Wald χ2 p-value
Digit span - forward −0.198 (0.088) 5.049 0.025
Flanker - Total SD of RT 0.010 (0.004) 5.796 0.016
SAdots - SD series errors 2.959 (0.972) 9.271 0.002
SAdots - Response Bias 0.067 (0.030) 5.090 0.024
Time Estimation – median absolute deviation 0.008 (0.004) 3.343 0.067
Delay Discounting - k100 0.272 (0.124) 4.83 0.028
Reported are the variables that significantly contributed to the model. R2 (Nagelkerke) = 0.387, χ2 = 
57.542 (df 6), p < 0.001.
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Chapter 3
Characterising resting-state functional 
connectivity in a large sample of adults 
with ADHD
This chapter has been published as: J.C. Mostert, E. Shumskaya, M. Mennes, A.M.H. 
Onnink, M. Hoogman, C.C. Kan, A. Arias Vaquez, J. Buitelaar, B. Franke, & D.G. Norris 
(2016). Characterising resting-state functional connectivity in a large sample of adults 
with ADHD, Progress in Neuropsychopharmacology and Biological Psychiatry, 67, 82-91.
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ABSTRACT
Attention-deficit / hyperactivity disorder (ADHD) is a common childhood psychiatric 
disorder that often persists into adulthood. While several studies have identified altered 
functional connectivity in brain networks during rest in children with ADHD, few studies 
have been performed on adults with ADHD. Existing studies have generally investigated 
small samples. We therefore investigated aberrant functional connectivity in a large 
sample of adult patients with childhood-onset ADHD, using a data-driven, whole-brain 
approach. Adults with a clinical ADHD diagnosis (N = 99) and healthy, adult comparison 
subjects (N = 113) underwent a nine-minute resting-state fMRI session in a 1.5T MRI 
scanner. After elaborate preprocessing including a thorough head-motion correction 
procedure, group independent component analysis (ICA) was applied from which we 
identified six networks of interest: cerebellum, executive control, left and right fronto-
parietal and two default-mode networks. Participant-level network maps were obtained 
using dual-regression and tested for differences between patients with ADHD and con-
trols using permutation testing. Patients showed significantly stronger connectivity in the 
anterior cingulate gyrus of the executive control network. Trends were also observed for 
stronger connectivity in the cerebellum network in ADHD patients compared to controls. 
However, there was considerable overlap in connectivity values between patients and 
controls, leading to relatively low effect sizes despite the large sample size. These effect 
sizes were slightly larger when testing for correlations between hyperactivity / impulsivity 
symptoms and connectivity strength in the executive control and cerebellum networks. 
This study provides important insights for studies on the neurobiology of adult ADHD; 
it shows that resting-state functional connectivity differences between adult patients and 
controls exist, but have smaller effect sizes than existing literature suggests.
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3.1 INTRODUCTION
Attention-deficit / hyperactivity disorder (ADHD) is one of the most frequent child-
hood psychiatric disorders. According to the Diagnostic and Statistical Manual of 
Mental Disorders (DSM) (American Psychiatric Organisation 2000; American Psy-
chiatric Organisation 2013) ADHD is characterised by symptoms of inattentiveness 
or hyperactivity / impulsivity, or by a combination of these two symptom domains. In 
65% of the cases ADHD symptoms are chronic and persist into adulthood, with at least 
15% of the patients still meeting the full criteria for ADHD in adulthood (Faraone et al. 
2006). Despite a prevalence of 2.5% in the adult population (Simon et al. 2009) persistent 
ADHD has received much less attention in research than ADHD in childhood. While 
ADHD in adults is characterised by abnormalities in the function of several brain areas 
(Cortese et al. 2012) the neurobiology of adult ADHD is still poorly understood. Similar 
to the situation in other psychiatric diseases, aetiological modelling of ADHD has now 
shifted from postulating dysfunctions in isolated brain regions to examining the con-
nectivity of brain networks using both structural and functional measures (Castellanos & 
Proal 2012). Structural connectivity depicts anatomical connections, whereas functional 
connectivity describes the temporal correlations in neural activity between distributed 
brain regions (Friston 1994).
In the past five years there has been an increase in studies aimed at discovering 
functional connectivity differences between patients and controls. Many of these have 
focussed on the default-mode network (DMN), which is characterised by its higher 
level of activation during rest and deactivation during tasks (Raichle et al. 2001). DMN 
dysfunction is hypothesised to cause attentional interference and response variability in 
patients with ADHD (Sonuga-Barke & Castellanos 2007). In adult patients with persis-
tent ADHD compared to healthy controls, functional connectivity within the DMN was 
found to be reduced (Castellanos et al. 2008; Uddin et al. 2008), connectivity between the 
dorsal anterior cingulate and the DMN was found to be less negative (Castellanos et al. 
2008) and abnormal (Sato et al. 2012), and coherence between the dorsolateral prefrontal 
cortex and the DMN was described as stronger (Hoekzema et al. 2014). These findings of 
aberrant DMN connectivity are generally in line with findings from a slightly larger body 
of resting-state connectivity studies in children with ADHD (i.e. Cao et al. 2006; Tian et 
al. 2006; Fair et al. 2010).
Besides the DMN, aberrant connectivity in several other networks has also been 
associated with ADHD. McCarthy and colleagues observed decreased functional con-
nectivity within the dorsal and ventral attention networks, and increased functional 
connectivity within the affective, default-mode and right lateralised cognitive control 
networks, when comparing adult patients with ADHD and healthy controls (McCar-
thy et al. 2013). Furthermore, Wang and colleagues showed brain-wide increases and 
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decreases in regional resting-state activity (‘regional homogeneity’) in multiple regions, 
including the DMN, anterior cingulate cortex, cerebellum, insula, and basal ganglia, that 
could fairly accurately discriminate adult patients with ADHD from controls (Wang et al. 
2013). These findings are in line with task-based fMRI studies that have shown aberrant 
neural activation in multiple networks. Problems with working memory, attention and 
cognitive control in ADHD have been attributed to reduced activity in brain regions in 
the right and left frontoparietal networks (Valera et al. 2010), while deficits in reward, 
timing, response inhibition, and impulsivity have been linked to aberrant functioning of 
frontal-striatal-cerebellar connections (Cubillo et al. 2012).
Taken together, these findings could be interpreted as widespread neural dysfunction 
in adult ADHD. At the same time, however, it seems that findings are difficult to replicate. 
As most studies described above rely on relatively small sample sizes (typically with n=20 
per group), it is difficult to determine whether these findings hold true at the popula-
tion level (Button et al. 2013). Additionally, the methods to investigate between-group 
differences in connectivity vary, being either seed-based (Castellanos et al. 2008; Sato 
et al. 2012; McCarthy et al. 2013), regional homogeneity (Uddin et al. 2008; Wang et al. 
2013) or independent component analyses (Hoekzema et al. 2014). Especially findings 
from seed-based studies, that rely on a specific region of interest (ROI), are difficult to 
compare with the results from studies using different ROIs or different analysis tech-
niques (Cole et al. 2010). We therefore adopted a data-driven approach that allows the 
investigation of functional connectivity in all major resting-state networks (RSNs) and 
that is not biased by the selection of a particular ROI. With independent component 
analysis (ICA) resting-state fluctuations in neural activity can be separated into spatially 
independent components that are consistent over time and across subjects (Beckmann et 
al. 2005; Damoiseaux et al. 2006) and similar to task-based activation networks (Smith 
et al. 2009). Through subsequent dual-regression analysis one can analyse how the RSNs 
are manifested in each participant, after which between-group comparisons can be con-
ducted to test if functional connectivity (i.e. temporal coherence) within these networks 
differs between patients and controls (Filippini et al. 2009). This method has been shown 
to be successful as an exploratory and data-driven analysis tool in various clinical and 
non-clinical populations. For example, to identify novel networks involved in major 
depression (Veer et al. 2010), to distinguish young carriers of the APOE4 allele from 
non-carriers (Filippini et al. 2009), or to identify networks that can be used as features 
in a classification model distinguishing autism patients from healthy controls (Uddin et 
al. 2013).
We applied this method to resting-state data from the largest sample of adult patients 
with ADHD studied to date, comprising 99 patients and 113 healthy controls from the 
Dutch part of the IMpACT study (Franke et al. 2010). In addition to between-group dif-
ferences, we investigated dimensional associations between ADHD symptoms of inatten-
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tion or hyperactivity/impulsivity and within-network functional connectivity strength. 
Such an approach may provide a closer association between brain and behaviour and has 
proven to be effective when investigating childhood ADHD (Chabernaud et al. 2012).
Based on previous findings in adult ADHD, we restricted our analyses to RSNs of 
interest that we identified through high spatial correspondence to the RSNs described by 
Smith and colleagues (Smith et al. 2009). These networks are the default-mode, cerebel-
lum, executive control, and the left and right frontoparietal networks. The executive con-
trol network has also been called the salience (Seeley et al. 2007), ventral attention (Yeo et 
al. 2011), or affective network (McCarthy et al. 2013) and includes the anterior insula and 
anterior cingulate cortex. We expected differences in functional connectivity between 
patients and controls in these networks. Furthermore, we hypothesised that these effects 
would be more pronounced when taking a dimensional instead of categorical approach.
3.2 MATERIAL AND METHODS
Participants
Participants were selected from the Dutch cohort of the International Multicenter per-
sistent ADHD CollaboraTion (IMpACT) (Franke et al. 2010). A total of 212 adult par-
ticipants were included in the analyses, 113 healthy control participants and 99 patients 
with ADHD. All participants underwent psychiatric assessments, neuropsychological 
tests and a MRI session that included functional tasks, functional resting-state, and 
structural neuroimaging as previously described (Hoogman et al. 2013; Onnink et al. 
2014). Patients were included if they had previously been diagnosed with adult ADHD 
by a psychiatrist according to the DSM (4th edition; DSM-IV-TR; American Psychiatric 
Organisation 2000) and scored at least five symptoms on either the inattention or hyper-
activity / impulsivity domain from the DIVA interview (see below ‘ADHD symptoms’). In 
case the patient did not participate in the DIVA interview, he/she was included based on 
scores from the ADHD Self Rating scale (see below ‘ADHD symptoms’), using the same 
symptom threshold. Controls were included if they scored less than four symptoms on 
the DIVA interview, or otherwise on the Self Rating scale.
Patients were excluded if they used medication other than psychostimulants or ato-
moxetine. Other exclusion criteria for both patients and controls were current diagnosis 
of major depression, substance use disorder or psychosis (assessed with the Structural 
Clinical Interviews for DSM-IV, SCID-I and SCID-II; First et al. 1996; First et al. 1997), 
estimated IQ below 80 (assessed with two subtests, block design and vocabulary, of 
the Wechsler Adult Intelligence Scale-III Wechsler 1997), neurological disorders and 
sensorimotor disabilities, excessive head motion during the resting-state scan (absolute 
motion > 1.5 mm and/or the root mean square (rms) of relative motion > 0.2 mm) or 
Chapter 3
68
other MRI contra-indications. Patients using medication at the time of recruitment were 
asked to withhold medication for 24 hours prior to testing. All participants were asked to 
refrain from smoking and drinking coffee during testing.
This study was approved by the regional ethics committee (CMO region Arnhem-
Nijmegen) and was carried out in accordance with the code of ethics of the World Medi-
cal Association (Declaration of Helsinki). After completely describing the study to the 
subjects, written informed consent was obtained.
ADHD symptoms
Both patients and controls were assessed using the structured diagnostic interview for 
adult ADHD (DIVA; http://www.divacenter.eu; Kooij 2010). This interview focuses on 
the 18 DSM-IV symptoms of ADHD and uses concrete and realistic examples to thor-
oughly investigate whether a symptom is currently present or was present in childhood. 
Additionally, all participants were asked to fill out the ADHD-DSM-IV Self Rating scale 
that assesses current inattention and hyperactivity / impulsivity symptoms (Kooij et al. 
2005). For both the DIVA interview and the Self Rating scale two scores can be derived, 
one for each symptom domain, with a maximum score of 9 per domain.
Based on the DIVA interview, patients were classified as having the inattentive-subtype 
when they presented with six or more symptoms on the inattention domain, as having 
the hyperactivity/impulsivity-subtype when they had six or more symptoms on the hy-
peractivity/impulsivity domain and as having the combined-subtype when they had six 
or more symptoms on both domains.
MRI data acquisition
Participants completed a nine-minute resting-state scan consisting of 274 interleaved 
whole-brain functional volumes using echo planar imaging on a Siemens 1.5-Tesla 
Avanto scanner (repetition time = 1990 msec; echo time = 45 ms; flip angle = 83, 23 
slices, matrix size = 224 x 224 x 115 mm; acquisition voxel size = 3.5 x 3.5 x 5 mm). Par-
ticipants were verbally instructed to lie still with their eyes closed, but not to fall asleep. 
A high-resolution T1-weighted magnetisation-prepared rapid acquisition gradient echo 
(MPRAGE) anatomical scan was also obtained (176 sagittal slices, repetition time = 2730 
ms, echo time = 2.95 ms, voxel size = 1.0 x 1.0 x 1.0 mm, matrix size = 350 x 263 x 350 
mm, inversion time = 1000 ms). The resting-state scan was preceded by the T1 scan and a 
counting Stroop task (not included in the current analyses) and took place approximately 
20 minutes after the participant had entered the scanner.
Preprocessing of functional MRI images
Image preprocessing was performed using FSL software, version 5.0.5 (http://fmrib.
ox.ac.uk/fsl). Preprocessing included deleting the first 5 volumes to allow the magnetisa-
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tion to reach dynamic equilibrium, and retaining the subsequent 269 volumes, motion 
correction with MCFLIRT (Wilson et al. 2002), removal of non-brain tissue (i.e., skull 
stripping), grand-mean scaling to normalise the global 4D data and spatial smoothing 
using a Gaussian kernel of 6 mm full width at half-maximum. Subsequently, we used 
ICA-AROMA to identify residual motion-related artefacts (Pruim, Mennes, van Rooij, 
et al. 2015). ICA-AROMA is an automated toolbox that uses single-subject ICA to detect 
components that are associated with head motion by evaluating each component in 
light of four parameters: the proportion of high frequencies in the power spectrum of 
the component, the correlation of the component’s time course with the realignment 
parameters derived from the motion correction step, the proportion of signal located 
at the edge of the brain, and the proportion of the signal located in cerebrospinal fluid 
(CSF). Components identified as head motion were removed from the signal by means 
of a linear regression (‘non-aggressive denoising’) using the function fsl_regfilt. Details 
about the identification and removal of motion artefacts, as well as an evaluation of the 
ICA-AROMA method against alternative motion-correction methods are described else-
where (Pruim, Mennes, Buitelaar, et al. 2015; Pruim, Mennes, van Rooij, et al. 2015). After 
removing motion artefacts, signals from the white matter (WM) and CSF were removed 
using linear regression. WM and CSF signals were derived from conservative anatomical 
masks that were created using FSL FAST. Lastly, a high-pass temporal filter was used with 
a cut-off frequency of 0.01Hz. We did not perform global signal regression, as it has been 
shown to induce anti-correlations in resting-state data (Murphy et al. 2009). The prepro-
cessed functional images were linearly registered with FLIRT to the subject-specific high 
resolution T1 images using boundary-based registration (Greve & Fischl 2009). The T1 
images were registered to Montreal Neurological Institute (MNI152) standard space us-
ing 12-parameter affine transformation and non-linear registration with FSL FNIRT (10 
mm warp, 4 mm resampling resolution;Jenkinson & Smith 2001; Jenkinson et al. 2002).
Identification of resting-state networks
To obtain functional connectivity networks we conducted group ICA using MELODIC 
in FSL (Beckmann et al., 2005; version 3.14). Functional images of all participants were 
concatenated in the temporal domain to create a single 4D dataset. This concatenated 
dataset was then decomposed into 50 spatially independent components (ICs). Due to 
our large sample we chose this higher-order decomposition (i.e. as compared to the more 
commonly used 35). Components from the group ICA reflected both functional com-
ponents (characterised by being located mainly in the grey matter and having a signal 
within the frequency range of 0.1-0.01 Hz) as well as residual noise components.
Functional connectivity patterns of each participant that corresponded to each group-
IC were obtained using a dual-regression approach (Beckmann et al. 2009; Filippini et al. 
2009; dual_regression version 0.5). With this approach, the set of 50 spatial maps from 
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the group ICA was used to generate subject-specific versions of the spatial maps, and 
associated time series, using two sequential multiple regressions. First, for each subject, 
the 50 group-level spatial maps were used as spatial regressors against the preprocessed 
individual subjects’ fMRI data. This resulted in a set of 50 subject-specific time courses 
corresponding to each group-level IC. Second, these time courses were variance-nor-
malised and used as temporal regressors against the individual subjects’ fMRI data to 
produce participant-level unique spatial maps for each of the 50 ICs. In this way, the 
subject-specific spatial maps reflect the relationship (or temporal coherence) between an 
individual voxel’s time course and the IC time course, thus representing the connectivity 
strength of each voxel in the network (Janes et al. 2012).
Next, we identified the ICs that showed close correspondence to the networks of inter-
est (the default-mode, cerebellum, executive control, and the left and right frontoparietal 
networks). We identified these networks in our data by spatial correlation between the 
components from the group ICA and the five relevant network templates from the study 
by Smith and colleagues (Smith et al. 2009). Six networks from the group ICA showed 
high spatial correspondence (r > 0.4) with the five network templates of interest. The 
cerebellum, executive control, left and right frontoparietal template networks each cor-
responded to a single component from the group ICA. The DMN template network was 
represented in two group-level ICs: a full DMN and a posterior part of the DMN. The 
selected six networks are shown in Figure 3.1.
Categorical comparisons between ADHD patients and controls
Patients with ADHD and healthy controls were compared on age, IQ, education levels, 
and average head motion during scanning using separate independent samples t-tests. 
Furthermore, they were compared on gender and handedness using Pearson Chi-square 
tests. The covariate head motion was computed for each participant as the average root 
mean square (rms) relative (frame-to-frame) head motion. This parameter was computed 
with MCFLIRT at the motion correction stage during preprocessing (Jenkinson et al. 
2002) and was averaged over all volumes to obtain a single measure of head motion per 
participant.
To identify group differences within the six networks of interest, for each of these 
networks the corresponding participant-level spatial maps from the dual regression stage 
were tested voxel-wise for significant differences between the patients with ADHD and 
the healthy controls via a general linear model. For this, we employed non-parametric 
permutation testing (applying 5000 permutations) with Threshold-Free Cluster En-
hancement (TFCE; Smith & Nichols 2009) using the Randomise tool of FSL (version 
2.9). Voxel-wise tests were masked with a whole-brain mask, consisting of only those 
voxels that were present in all participants. Gender and age were added to the model as 
covariates of no interest.
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Between-group effects were considered significant if they reached two-tailed p-values 
< 0.004 (family-wise error (FWE) corrected at the voxel level with TFCE; Bonferroni-
corrected for two-sided testing in six networks). However, with respect to the exploratory 
nature of the analyses we also report effects with a p-value < 0.05 and a minimal cluster 
size of 5 voxels (FWE-corrected at the voxel level with TFCE). MNI coordinates of 
peak voxels were linked to anatomical locations using the Harvard-Oxford cortical and 
subcortical atlases and the cerebellum atlas in MNI152 space that are implemented in 
FSL. Cohen’s d measures of effect size were computed from the t-values of the significant 
peak voxels of each cluster, using the formula Cohen’s d = 2t /√(df). For visualisation of 
connectivity strength measures (i.e. Figures 3.2 and 3.3), connectivity strength of the 
peak voxel was extracted as the voxel’s parameter estimate from the second stage of the 
dual regression (reflecting the coherence of that voxel’s time course with the time course 
of the entire network).
To assess the robustness of the main group effects, we conducted a series of sensitiv-
ity analyses. In these analyses, we added handedness, education, IQ or head motion as 
additional covariates. Furthermore, within the ADHD group we investigated whether 
duration of medication treatment correlated with the main effects. Lastly, we investigated 
whether the main group effects would hold when using a lower-dimensional group ICA 
Executive control network Cerebellum network
Right frontoparietal network Le frontoparietal network
Posterior default mode network Default mode network
Figure 3.1: Six components of interest from group ICA representing networks of interest (green), over-
layed on a MNI-template brain (grey). Networks were thresholded at Z > 5.
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(35 components) followed by the same procedure of dual-regression, network selection 
and between-group testing as described above.
Dimensional analyses with ADHD symptoms
In those networks that showed categorical between-groups differences we investigated 
the relationship between functional connectivity strength and ADHD symptom severity 
across the entire sample (controls and patients combined). Inattention and hyperactivity/
impulsivity symptom scores were obtained from the DIVA interview and entered in two 
separate analyses as variable of interest. As data from the DIVA-interview was missing 
for 20 participants, we included 104 controls and 88 patients in the dimensional analyses. 
Voxel-wise effects for a correlation with ADHD symptom scores were tested using per-
mutation testing with Randomise as described above.
3.3 RESULTS
Demographics of the sample
Characteristics of the sample and differences in demographics between the groups are re-
ported in Table 3.1. The patient group did not differ from the control group in terms of age, 
gender, handedness, estimated IQ, or average frame-to-frame head motion during scanning. 
Controls were on average higher educated than patients (T = 4.16, p < 0.001). Seventy-five 
patients with ADHD reported to be taking stimulant medication, with an average treatment 
duration of 21 months (range 0 – 168 months, SD = 28). Eight patients reported having 
received medication in the past, and 13 had never been treated with ADHD medication.
Group differences in networks of interest
The ADHD patient group showed stronger functional connectivity within the execu-
tive control network as compared to controls. This cluster of stronger connectivity was 
located in the anterior cingulate gyrus (MNI coordinates peak-voxel: −2; 38; 4, p-value 
= 0.002). There were no significant effects in the other five networks. However, at a more 
lenient threshold - not correcting for conducting six two-sided tests, while still correcting 
for family-wise errors at the voxel level - we also observed stronger connectivity in the 
cerebellum network, with clusters located in the cerebellar vermis VI and crus II regions, 
and in the lingual gyrus near the tempero-occipital junction (Table 3.2; Figure 3.2). As 
shown in Figure 3.2, there was a high degree of overlap in the distribution of connectiv-
ity values in the executive control and cerebellum networks for the control and patient 
groups. This was reflected by moderate effect sizes, as shown in Table 3.2 (Cohen’s d 
0.47 – 0.66). Removal of the outlier participant that is apparent in Figure 3.2A did not 
alter the results.
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Figure 3.2: Stronger connectivity in ADHD patients compared to controls in A) the executive control 
network and B) the cerebellum network. On the left, significant clusters are depicted in red-yellow at a 
threshold of p < 0.05 (FWE-corrected). On the right, histograms of connectivity strength of the peak 
voxel from the clusters on the left are shown for control participants (black) and ADHD patients (white). 
Grey-shaded areas reflect overlap between the two groups.
Table 3.1: Demographics of the participants included in the analyses
Healthy controls
(N = 113)
Patients with ADHD
(N = 99)
Difference
Mean age (SD) 35.75 (11.79) years 34.71 (10.39) years T = 0.68
Gender 46 (40.7%) male 40 (40.4%) male Χ2 = 0.002
Mean IQa (SD) 111.12 (14.21) 108.88 T = 1.15
Mean educationb (SD) 5.22 (0.78) 4.76 (0.85) T = 4.16*
Handedness 102 (90.3%) right 84 (84.8%) right Χ2 = 1.45
Mean head motionc (SD) 0.08 (0.03) 0.08 (0.03) T = −0.31
Mean DIVA inattention symptoms (SD) 0.37 (0.79) 7.55 (1.45) T = −41.46*
Mean DIVA hyperactivity/impulsivity symptoms (SD) 0.42 (0.83) 5.74 (2.37) T = −20.05*
a IQ was estimated based on two subtests, block design and vocabulary, of the Wechsler Adult Intelli-
gence Scale-III. b Education level was coded from 1 (unfinished primary school) to 7 (post-university). 
c Head motion was calculated as the mean root mean square (rms) relative motion during scanning. * 
indicates a p-value < 0.001.
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Sensitivity analyses showed that handedness, education, IQ, and further correction for 
head motion did not influence the direction of the effect, nor was medication duration 
associated with connectivity strength (see Supplementary Table 3.1 and Supplementary 
Figure 3.1 and 3.2). Defining networks with a group ICA set to find 35 networks yielded 
very similar networks as the 50-component ICA and highly comparable between-groups 
effects (see Supplementary Table 3.2 and Supplementary Figure 3.3).
Dimensional analyses in the executive control and cerebellum networks
Based on the findings from the categorical analyses, we tested for positive associations 
of connectivity strength with inattention and hyperactivity / impulsivity symptoms, 
respectively, in both the executive control and cerebellum network. We corrected for 
conducting four tests, considering significant only those results with a p-value < 0.013.
In the executive control network, there was a large cluster of voxels in the right su-
perior frontal gyrus that showed a significant positive correlation between functional 
connectivity strength and hyperactivity / impulsivity symptoms (Table 3.3, Figure 3.3). 
Another significant cluster was located near the cluster of the categorical group difference, 
in the anterior cingulate gyrus, although this cluster did not survive multiple comparison 
correction. In the cerebellum network, hyperactivity / impulsivity symptoms correlated 
positively with connectivity strength in clusters in the left cerebellar vermis and lingual 
gyrus. Effect sizes for the dimensional analyses appeared slightly larger compared to the 
categorical analyses (Cohen’s d 0.57 – 0.76).
For inattention symptoms, we only found positive correlation with connectivity for a small 
cluster located in the right frontal pole in the executive control network (MNI-coordinate 
of the peak voxel: −26; 46; 24, p-value = 0.027, cluster size = 5 voxels). In the cerebellum 
network, there were no significant clusters of correlation with inattention symptoms.
Table 3.2: Clusters showing stronger within-network connectivity strength in ADHD patients com-
pared to controls a
Network Coordinates 
peak voxel b
p-value 
peak
T-value 
peak
Cohen’s d Clustersize c Region
Executive 
control
−2; 38; 4
6; 18; 40
0.002
0.019
4.12
3.37
0.57
0.47
121
18
L Anterior cingulate gyrus
L Paracingulate gyrus
Cerebellum 2; −66; −28
−30; −54; −4
22; −74; −36
0.01
0.009
0.035
3.79
4.79
3.99
0.53
0.66
0.55
91
23
9
L Cerebellum vermis VI
L Lingual gyrus
R cerebellum crus II
a) Effects are shown at a threshold of p < 0.05 (FWE corrected, with TFCE), before correction for mul-
tiple testing, and a minimum cluster size of 5 voxels (voxel size = 4 mm). Effects in bold survived cor-
rection for testing multiple networks. b) Coordinates are in MNI-space. c) Number of voxels (voxel size 
= 4 mm).
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Figure 3.3: Significant correlations between hyperactivity/impulsivity symptoms and functional con-
nectivity strength in the executive control network (A) and the cerebellum network (B). Hot colours 
represent significant regions, thresholded at p < 0.05. Scatterplots represent the correlation between 
connectivity strength (y-axis; parameter estimates from dual regression, corrected for age and gender) 
and hyperactivity / impulsivity symptoms (x-axis). In A, the peak voxel is located in the right superior 
frontal gyrus (MNI 10; 50; 24). In B, the peak voxel is located in the left cerebellum vermis VI (MNI −6; 
−58; −28). See Table 3.3 for details.
Table 3.3: Effects for positive correlation between hyperactivity/impulsivity symptoms and connectivity 
strengtha
Network Coordinates 
peak voxelb
p-value peak r-value 
peakc
Cohen’s 
d
Cluster 
sized Region
Executive 
control
10; 50; 24
−2; 42; 8
0.005
0.016
0.305
0.273
0.64
0.57
117
18
R Superior frontal gyrus
L Anterior cingulate gyrus
Cerebellum −6; −58; −28
−30; −54; −4
0.004
0.005
0.294
0.354
0.62
0.76
593
22
L Cerebellum Vermis VI
Left Lingual gyrus
a) Effects are shown at a threshold of p < 0.05 (FWE corrected, with TFCE), before correction for mul-
tiple testing, and a minimum cluster size of 5 voxels. Effects in bold survived correction for testing 
multiple networks. b) Coordinates are in MNI-space. c) <italic> r -values reflect the correlation coef-
ficient between the peak voxel connectivity value and hyperactivity/impulsivity symptoms. d) Number 
of voxels (voxel size = 4 mm).
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3.4 DISCUSSION
In this study, we found that functional connectivity within the anterior cingulate gyrus 
of the executive control network was stronger in adult patients with ADHD compared 
to healthy adult control participants. This effect survived stringent correction for both 
voxel-wise testing (FWE-correction) and testing multiple networks. At a less conservative 
threshold using only FWE-correction (i.e. ‘nominal significance’), patients with ADHD 
also showed signs of stronger connectivity within the cerebellum network. Hyperactiv-
ity / impulsivity symptoms showed a positive correlation with functional connectivity 
strength in the executive control and cerebellum networks, with apparent slightly larger 
effect sizes than the case-control effect and effects surviving correction for multiple tests 
in both networks. Positive correlations with symptoms of inattention were located in the 
cerebellum network, but were only seen at nominal significance.
The executive control network encompasses the cingulate cortex, prefrontal cortex, in-
sular cortex, and the striatum and is involved in cognition, the inhibition of actions, emo-
tions, and in pain perception (Smith et al. 2009). It has also been termed “a transitional 
network linking cognition and emotion/interoception” (Laird et al. 2011). Abnormalities 
within the executive control network have been widely associated with ADHD (Makris 
et al. 2009; Bush 2010; Posner et al. 2014). Furthermore, functional connectivity of the 
anterior cingulate cortex (ACC) and cerebellum was previously found to be increased in 
adults with ADHD (McCarthy et al. 2013; Wang et al. 2013). McCarthy et al. however 
did not observe significant correlations between functional connectivity in the ACC and 
hyperactivity / impulsivity, which contrasts our findings. Furthermore, a longitudinal 
study on children and adolescents with ADHD found stronger resting-state connectiv-
ity in the ACC within the executive control network to be negatively correlated with a 
decrease in hyperactivity / impulsivity symptoms (Francx et al. 2015). This suggested 
that stronger integration between the ACC and PFC is important for the remittance of 
ADHD, at least during childhood and adolescence. Both the ACC and PFC are involved 
in the ‘cold’ (i.e. response inhibition) aspects as well as the ‘hot’ (i.e. delay discounting) 
aspects of inhibitory control (Bari & Robbins 2013). In adults with ADHD performing an 
inhibitory Stop task and a cognitive switching task, activity in the ACC and cerebellum 
(as well as in other regions of the executive control network) was found to be negatively 
correlated with symptoms of inattention and hyperactivity (Cubillo et al. 2010). Hence, 
aberrant functioning of and connectivity between the ACC and PFC within the execu-
tive control network may result in inhibitory control problems, which lead to symptoms 
of hyperactivity and impulsivity (Bush 2011). Something similar might be true for the 
cerebellum network. Such a link remains speculative, however, as our analyses are based 
on correlations. Furthermore, relatively little is known about how altered functional con-
nectivity measured during rest relates to behaviour.
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We observed only a small, positive association between inattention symptoms and 
connectivity in the executive control network, at nominal significance. This suggests 
that inattentive symptoms in adult ADHD are associated with different neurobiological 
mechanisms than hyperactivity/impulsivity symptoms, at least in terms of resting-state 
functional connectivity. Possibly, the aetiology of inattention symptoms is different from 
that of hyperactivity / impulsivity symptoms (Larsson et al. 2011).
In contrast to expectation, and despite our large sample size, we did not observe the 
differences in the default-mode and lateralised frontoparietal networks earlier reported. 
Furthermore, the effects in the executive control and cerebellum networks were small in 
both categorical and dimensional analyses. As can be seen in Figure 3.2, connectivity 
strength of the peak-voxels from case-control difference showed strong overlap between 
the patient and control groups. Although the means of the two distributions differed 
significantly, the difference between the means was small and the variability large. This 
was also reflected by the moderate effect sizes (Cohen’s d between 0.46 and 0.66) of the 
observed effects. Based on the literature, including several review articles (e.g. Konrad & 
Eickhoff 2010; Liston et al. 2011; Posner et al. 2014), we had expected more wide-spread 
and stronger effects associated with ADHD status. We propose several explanations for 
the differences.
First, small and underpowered studies are susceptible to the so-called ‘winner’s curse’, 
which means that the estimate of the effect can be inflated by chance (Button et al. 2013). 
When early studies report findings with inflated effects, subsequent studies that do not 
find any differences are often not published, which results in a biased effect estimate. 
Functional connectivity differences between adult patients with ADHD and controls may 
therefore actually be smaller than previously thought. Related to this, effects are likely 
to be small due to the heterogeneity of (adult) ADHD (Hervey et al. 2004; Nigg, Will-
cutt, et al. 2005). Patients with ADHD differ in the number of symptoms in the clinical 
domains of inattention and hyperactivity / impulsivity (i.e. different clinical subtypes), 
in the cognitive domains in which they show impairment (Coghill et al. 2013), in the 
comorbidity with various other psychiatric disorders (Biederman et al. 1991; Wåhlstedt 
et al. 2009), and in medication use. Although sensitivity analyses showed no direct ef-
fects of age, IQ, or medication use, it is likely that different neural mechanisms underlie 
behavioural symptoms in different patients. This is likely to reduce effect sizes and makes 
it difficult to compare samples across studies, or to extend research findings to the gen-
eral patient population (Nigg, Willcutt, et al. 2005). To further investigate the aetiology 
of adult ADHD we conducted additional analyses that were better able to account for 
heterogeneity. In those dimensional analyses, we investigated the association between 
functional connectivity and ADHD symptoms subdivided by domain, disregarding the 
categorical patient-control distinction. Indeed, this enhanced the findings, indicating 
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that the functional connectivity alterations may be better explained by symptom severity 
than disease status (Chabernaud et al. 2012).
In addition, we were very careful to remove effects from head movements during scan-
ning from the functional data. The issue of spurious effects induced by head motion has 
received widespread attention in the past few years (e.g. Van Dijk et al. 2012; Fair et al. 
2013). To control for this, we adopted a rigorous new approach to remove motion-related 
signals that were identified with single-subject ICA from each individual’s functional 
data (Pruim, Mennes, van Rooij, et al. 2015). This method has been shown to outperform 
alternative methods, such as linear regression with 24 motion parameters or the removal 
of volumes associated with head motion (‘scrubbing’), in terms of the number of motion-
related artefacts removed, reproducibility of resting-state networks across samples, and 
preservation of temporal degrees of freedom (Pruim, Mennes, Buitelaar, et al. 2015). 
Furthermore, we confirmed that the addition of another covariate for average frame-to-
frame head motion in the group level analyses did not yield different results.
Another potential difference between the current and previous studies is that our 
sample included a relatively high proportion of women. Although in childhood ADHD 
is more prevalent in boys than in girls (Biederman et al. 2004), this gender difference 
is absent in adulthood. This difference between childhood and adulthood may be due 
to a referral bias in children, as girls tend to be less disruptive than boys and therefore 
less easily diagnosed, while adult women are more likely to seek treatment compared to 
men (Biederman et al. 2004). Nonetheless, previous resting-state functional connectivity 
studies in adults have included either only male participants (Hoekzema et al. 2014) or 
a majority of male participants (Castellanos et al. 2008; Uddin et al. 2008; McCarthy 
et al. 2013). Interestingly, Valera and colleagues showed that neural activity differences 
between patients with ADHD and healthy controls were only observed when compar-
ing male participants, and not between females with and without ADHD (Valera et al. 
2010). Although our study set-up is ecologically valid, the high proportion of women 
may explain why our findings differed from those of previous studies.
 The current findings should be viewed in light of several strengths and limitations. 
Obvious strengths were the large sample size and extensive motion correction. These 
make our findings more robust against inflated estimates of effect sizes and spurious 
effects of head motion as compared to previous studies. However, we also faced some 
limitations. First, we did not preselect patients according to subtype of ADHD (inatten-
tive, hyperactive/impulsive and combined subtypes) or for the absence of comorbidity. 
While this may have led to suboptimal control of heterogeneity, it made the current 
sample most representative of the adult ADHD population. The resulting wide spread in 
symptoms also increased the power of our dimensional analyses.
A second limitation of our study was medication use by the patients with ADHD. The 
use of stimulant medication may affect functional connectivity between brain regions 
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(Rubia et al. 2009; Sripada et al. 2013). Our study included patients that were using 
medication, that had used medication in the past, and those that were medication-naïve. 
Those actively using medication withheld it for ≥24 hours before testing. Although we 
cannot entirely rule out that medication differences between patients and controls may 
have influenced our findings, we found no correlations between the duration of medi-
cation treatment and connectivity strength in the identified clusters in the main group 
contrast (Supplementary Figure 3.2).
In light of the heterogeneity of (adult) ADHD and the low reproducibility of disease-
specific findings across resting-state fMRI studies, we propose that future studies should 
focus more on dimensional aspects of the disorder rather than the categorical patient-
control distinction. Such an approach is in line with the Research Domain Criteria 
(RDoC) proposed by the U.S. National Institute of Mental Health (NIMH) (Insel et al. 
2010) and may enhance our understanding of neurobiological causes for aberrant be-
haviour and find new targets for treatment. In order to accurately model inter-individual 
differences in both behaviour and neurobiology, large samples are essential. To achieve 
this goal, collaborations between institutes and ‘consortium science approaches’ are 
becoming increasingly important.
To conclude, in a large sample of adults with persistent ADHD and healthy adult con-
trols, we found stronger functional connectivity in the executive control network in the 
ADHD group, and - at a lower significance threshold - also in the cerebellum network. 
Hyperactivity / impulsivity symptoms correlated positively with connectivity in these 
networks, showing slightly stronger effects as compared to the case-control findings. 
Unexpectedly, we did not observe significant differences in the lateralised frontoparietal 
and in the default-mode networks. Furthermore, effects were relatively small despite the 
large sample size. Future studies should include even larger sample sizes and focus more 
on brain-behaviour relationships rather than categorical disease status in order to get a 
better understanding of the aetiology of heterogeneous disorders such as adult ADHD.
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Supplementary Figure 3.1: Scatterplots of correlations between connectivity strength (in the peak vox-
els from the main group contrast, MNI −2; 38; 4 for the executive control network and MNI 2; −66; −28 
for the cerebellum network) and age, estimated IQ or head motion.
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Supplementary Figure 3.2: Scatterplots of correlations between connectivity strength (in the peak vox-
els from the main group contrast, MNI −2; 38; 4 for the executive control network and MNI 2; −66; −28 
for the cerebellum network) and duration of stimulant medication treatment (only in the patient group).
Executive control network Cerebellum network
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Supplementary Figure 3.3: Six networks of interest from the group ICA with 35 dimensions (green), 
overlayed on a MNI-template brain (grey). Networks were thresholded at Z > 5.
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Supplement Table 3.1: Significant stronger connectivity in ADHD patients compared to controls.
Network Coordinates peak 
voxel
p-value peak T-value peak Clustersize Region
a) Correcting for age, gender and handedness
Executive control −2; 38; 4 0.003 4.06 104 L Anterior cingulate gyrus
6; 18; 40 0.039 3.31 6 L Paracingulate gyrus
Cerebellum −2; −58; −28 0.011 3.71 56 L Cerebellum vermis VIIIa
−30; −54; −4 0.009 4.81 20 L Lingual gyrus
26; −42; −28 0.024 3.53 12 R Cerebellum V
10; −46; −8 0.030 3.34 9 R Cerebellum I - IV
22; −74; −36 0.026 3.99 6 R Cerebellum crus II
b) Correcting for age, gender and education
Executive control −2; 38; 4 0.006 3.91 63 L Anterior cingulate gyrus
Cerebellum −2; −58; −28 0.012 3.87 37 L Cerebellum vermis VIIIa
c) Correcting for age, gender and IQ
Executive control −2; 38; 4 0.002 4.12 121 L Anterior cingulate gyrus
6; 18; 40 0.031 3.28 12 L Paracingulate gyrus
Cerebellum −2; −58; −24 0.011 3.71 73 L Cerebellum V
18; −42; −24 0.026 3.55 15 R Cerebellum V
−30; −54; −4 0.012 4.63 10 L Lingual gyrus
d) Correcting for age, gender and head motion
Executive control −2; 38; 4 0.003 4.15 111 L Anterior cingulate gyrus
6; 18; 40 0.027 3.33 13 L Paracingulate gyrus
Cerebellum −2; −58; −28 0.014 3.60 37 L Cerebellum vermis VIIIa
−30; −54; −4 0.011 4.74 10 L Lingual gyrus
18; −42; −24 0.034 3.50 7 R Cerebellum V
Effects are shown at a threshold of p < 0.05 (FWE-corrected, minimal cluster size 5 voxels (4 mm)), cor-
rected for age, gender and a) handedness, b) education, c) IQ, d) head motion.
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Supplementary Table 3.2: Clusters with stronger within-network connectivity in patients with ADHD 
compared to controls on the analysis with a 35-component group ICA. Effects are shown at a threshold 
of p < 0.05 (FWE corrected, with TFCE) and a minimum cluster size of 5 voxels. Coordinates are in 
MNI-space.
Network Coordinates peak 
voxel
p-value peak T-value peak Clustersize Region
Executive control −6; 42; 4 0.007 4.17 51 L Anterior cingulate gyrus
2;−2;40 0.012 3.50 41 R Anterior cingulate gyrus
10; 18; 48 0.010 3.96 20 R Posterior cingulate gyrus
Cerebellum 26; −74; −36 0.016 3.38 239 R Cerebellum Crus I
−30; −54; −4 0.008 4.75 55 L Lingual gyrus
−22; −82; −24 0.02 3.77 14 L Cerebellum Crus I
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ABSTRACT
To characterise heterogeneity in adults with attention-deficit/hyperactivity disorder 
(ADHD) we aimed to identify subgroups within the adult ADHD spectrum, which differ 
in their cognitive profile. Neuropsychological data from adults with ADHD (N = 133) 
and healthy control participants (N = 132) were used in a confirmatory factor analysis. 
The resulting six cognitive factors were correlated across subjects to form networks. We 
used a community detection algorithm to cluster these networks into subgroups. Both 
the ADHD and control group separated into three profiles that differed in cognitive 
performance. Profile 1 was characterised by aberrant attention and inhibition, Profile 
2 by increased delay discounting, and Profile 3 by atypical working memory and verbal 
fluency. Our findings suggest that qualitative differences in neuropsychological perfor-
mance exist in both control and ADHD adult individuals. This extends prior findings in 
children with and without ADHD and provides a framework to parse participants into 
well-defined subgroups.
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4.1 INTRODUCTION
Although attention-deficit/hyperactivity disorder (ADHD) is classically known as a 
childhood disorder, the disease has increasingly become acknowledged as persisting into 
adulthood. Prevalence of the diagnosis of ADHD in adults is estimated between 2.5% 
and 4.9% (Simon et al. 2009). Similar to ADHD in childhood, persistent ADHD in adults 
is characterised by age-inappropriate symptoms of inattention, and/or hyperactivity and 
impulsivity (American Psychiatric Organisation 2000; American Psychiatric Organisa-
tion 2013). ADHD in children as well as in adults has been associated with cognitive 
(neuropsychological) deficits.
In an extensive meta-analysis, Hervey and colleagues showed that adults with ADHD 
are impaired on a wide range of neuropsychological tasks (Hervey et al. 2004). In contrast 
to theories stating that inhibition is the primary deficit in ADHD (Barkley 1997; Boonstra 
et al. 2010), the authors concluded that deficits in adults with ADHD are widespread, 
covering multiple cognitive domains including attention, memory, and processing speed. 
This ties in with studies on children with ADHD showing that there is no single, core defi-
cit causal to the disorder (De Zeeuw et al. 2012; Nigg, Willcutt, et al. 2005; Sonuga-Barke 
2005). Coghill and colleagues recently extended these findings by demonstrating that on 
each cognitive domain (working memory, inhibition, delay aversion, decision making, 
timing, and variability), only a minority of children with ADHD performed deficiently, 
despite significant group level effects on all domains (Coghill et al. 2013). In line with these 
studies, our own work has shown that adult ADHD patients are impaired in multiple cog-
nitive domains (attention, working memory, and delay discounting), but with moderate 
effect sizes and with large variability in the number of neuropsychological tasks on which 
patients performed deficiently (Mostert, Onnink, et al. 2015). This indicates that cognitive 
heterogeneity is also apparent in adults with ADHD.
Acknowledging this heterogeneity in neuropsychological performance in ADHD, Fair 
and colleagues identified neuropsychological subgroups within a large sample of children 
with ADHD (Fair et al. 2012). Patients in one subgroup exhibited high response vari-
ability, while patients with low performance on memory, inhibition, and response speed 
formed another subgroup. A third subgroup was characterised by inaccurate temporal 
information processing and the fourth showed sub-optimal arousal. Interestingly, the 
authors found that such subgroups exist both in the patient as in the typically develop-
ing population, and concluded that “heterogeneity in individuals with ADHD might be 
‘nested’ in […] normal variation” (Fair et al. 2012). Similarly, van Hulst and coworkers 
identified three neuropsychological subgroups within a sample of children with ADHD: 
a quick and accurate, a slow and variable reaction time, and a poor cognitive control 
subgroup (Van Hulst et al. 2014). The first two of these subgroups were also present in the 
healthy control group, showing again that cognitive heterogeneity in childhood ADHD 
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extends into the healthy population. The cognitive control subgroup, however, was only 
present in patients, indicating that this subtype may be more specific to ADHD.
Classification methods can be used to investigate within-group heterogeneity. One 
such method is community detection (CD), as was used by Fair and colleagues (Fair et 
al. 2012). CD originates from graph theory and can be used to identify clusters within 
networks. In the current case, the network represents correlations between individuals 
in terms of neuropsychological performance. A modularity algorithm is then used to 
search for clusters of participants that are highly correlated with each other, and margin-
ally correlated with participants from other clusters (Newman 2006). These clusters can 
be interpreted as subgroups within the network, or in this case the sample.
It is as yet unknown if different subgroups, characterised by distinct cognitive profiles, 
exist in adult ADHD, and whether these profiles are similar to the ones found in child-
hood ADHD. Based on previous studies we hypothesised that adults with ADHD can 
be divided into subgroups based on their performance on a neuropsychological testing 
battery. Furthermore, we expected these cognitive profiles to also exist in the control 
sample. To investigate the clinical relevance of the cognitive profiles, we explored their 
correspondence with clinical subtypes (inattentive, hyperactive/impulsive and combined 
type) as determined by the Diagnostic and Statistical Manual of Mental Disorders 4th ed.; 
DSM-IV; (American Psychiatric Organisation 2000) and with comorbid psychiatric 
disorders.
4.2 METHODS
Participants
A total of 265 participants between 18 and 65 years old were included in this study, of which 
133 were ADHD patients and 132 were healthy controls. Demographics of the sample are 
described in Table 4.1. All participants were part of the Dutch chapter of the International 
Multicenter persistent ADHD CollaboraTion (IMpACT - http://impactadhdgenomics.
com Franke et al. 2010). Participants were recruited at the department of Psychiatry of the 
Radboud University Medical Center in Nijmegen and through advertisements. Patients 
were included if they had previously been diagnosed with adult ADHD by a psychiatrist 
according to the DSM-IV. Exclusion criteria were psychosis, alcohol or substance addic-
tion in the last six months, current major depression, full-scale IQ estimate <70 (assessed 
using the Wechsler Adult Intelligence Scale-III [WAIS-III], see Neuropsychological testing 
battery), neurological disorders, sensorimotor disabilities, non-Caucasian ethnicity, and 
medication use other than psychostimulants, atomoxetine or bupropion. Additional exclu-
sion criteria for healthy participants were a current or lifetime neurological or psychiatric 
disorder in either the participant or his/her first-degree relatives.
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This study was approved by the regional ethics committee (Centrale Commissie Mens-
gebonden Onderzoek: CMO Regio Arnhem – Nijmegen; Protocol number III.04.0403). 
Written informed consent was obtained from all participants
Psychiatric assessment
Both patients and controls were assessed using the structured diagnostic interview for 
adult ADHD (DIVA; http://www.divacenter.eu; Kooij 2010). This interview focuses on 
the 18 DSM-IV symptoms of ADHD and uses concrete and realistic examples to thor-
oughly investigate whether a symptom is currently present or was present in childhood. 
Additionally, a self-report questionnaire on current symptoms was obtained using the 
ADHD Rating Scale-IV (Kooij et al. 2005). Further measurements included the Struc-
tured Clinical Interview for DSM Disorders (SCID) to identify lifetime Axis I and II 
disorders, an MRI scanning session and blood withdrawal for DNA analysis. These data 
are described elsewhere (Franke et al. 2010; Hoogman et al. 2011; Hoogman et al. 2013; 
Onnink et al. 2014) and are not part of the current analysis.
Neuropsychological testing battery
Neuropsychological performance was measured by means of a test battery that included 
measures tapping into executive functioning (working memory, attention, inhibition, 
set-shifting, fluency), and delay discounting. Detailed group comparisons between adult 
ADHD patients and healthy controls on the separate measurements have been reported 
elsewhere (Mostert, Onnink, et al. 2015). Details about tasks and main outcome mea-
sures are described in Table 2.1 and the supplementary text of Chapter 2. The tasks were 
always administered in the same order. In total, we analysed 21 variables from seven 
tasks. Outliers were defined as having a score more extreme than four times the standard 
deviation above or below the mean per group (Leth-Steensen et al. 2000; Nigg, Stavro, 
et al. 2005). This threshold guarded against artefacts, while still including participants 
performing at the extremes of the normal distribution (i.e. including low performing 
cases that might have more severe ADHD symptoms). If a participant’s score was an out-
lier on one outcome variable of a task, his/her scores on all outcome variables from that 
task were excluded. All data were transformed in such a way that higher values indicated 
worse performance. To estimate IQ, subtests of the Wechsler Adult Intelligence Scale 
(WAIS) were administered (vocabulary and block design; Wechsler 1997).
Confirmatory Factor Analysis for data reduction
Confirmatory factor analysis (CFA) was used to reduce the neuropsychological data by 
modelling latent factors, using the program Mplus (Muthen & Muthen, version 6.11). 
CFA requires an a priori model specifying which variables load onto which latent fac-
tors. The model fit reflects how well the data support the model. We considered a CFA 
Chapter 4
92
more suitable for our analyses than a model-free approach (e.g. principal component 
analysis), as we had a rationale based on the literature for the latent factors measured by 
the variables (see Table 2.1). In our initial model the latent factors reflected the cognitive 
domains that the measured variables are theorised to tap into (i.e. the delay discounting 
task variables should all reflect delay discounting and hence load onto the same factor). 
We compared this model to several competing models (see Supplementary informa-
tion). Model fit was evaluated by comparing the tested models based on their χ2 statistic, 
comparative fit Index (CFI), Tucker-Lewis index (TLI) and the root mean-square error 
of approximation (RMSEA). As CFA requires complete data, missing data points were 
first estimated using the full information maximum likelihood approach. For the model 
with the best fit, factor scores were estimated for each participant. These factor scores 
where regressed on age and normalised across the entire sample (patients and controls 
combined).
Community detection
A graph theoretical measure to optimise clustering, so called community detection, was 
used to identify cognitive profiles based on the neuropsychological data (Newman 2006; 
Rubinov & Sporns 2011). Weighted, undirected networks were created by correlating 
participants with each other based on their normalised factor scores. This was done in the 
total sample and in the control and ADHD samples separately, hence resulting in three 
correlation matrices (networks): a 265 x 265 network of the total sample, a 133 x 133 net-
work of patients, and a 132 x 132 network of control participants. A weight-conserving 
modularity algorithm (Rubinov & Sporns 2011) was used to identify distinct communi-
ties of participants within each of the three networks. Details about this algorithm can 
be found elsewhere (Fair et al. 2012; Karalunas et al. 2014; Rubinov & Sporns 2011). 
Briefly, the algorithm searches for the most optimal partitioning of the network by itera-
tively sorting nodes (in this case, participants) into communities until the modularity (Q) 
reaches a maximum. Modularity is calculated as the number of edges (correlations be-
tween participants) falling within communities minus the expected number in a random 
network with an equivalent degree distribution, and can range between −1 and 1. Values 
larger than zero indicate that there are stronger within-community edges than expected 
in random data (Fair et al. 2012; Newman 2006). A positive Q-value therefore indicates 
that the strength of edges within communities is larger than expected at random. In the 
community structure with highest Q, i.e. the most optimal partitioning, nodes within 
communities have strong correlations between them and weak correlations with nodes 
from other communities.
The most optimal modularity, however, does not necessarily mean that there is a 
strong community structure (Karrer et al. 2008). Especially with large networks there is 
a risk that purely by chance a certain division reaches a high modularity. We therefore 
93
Subgroups based on cognitive performance in adult ADHD
4
performed several analyses to assess the quality and robustness of the community struc-
ture. First, we computed the group assignment for each participant across ten runs. Final 
group assignment for each participant was based on the median of the ten runs. We also 
computed the average Q-value across these ten runs. Second, we compared our findings 
with the community structure created from random data, to check if the community 
structure was not due to certain random structures in the data. For this, we created a 
null-model in which the original network is randomised while preserving weight, degree 
and strength distributions (Rubinov & Sporns 2011). As a third step, we evaluated the 
robustness of the community structure by computing the variation of information (VOI) 
(Karrer et al. 2008; Meilă 2007). Here, a proportion (alpha) of edges in the network is 
randomly rewired. In other words, when alpha is zero no edges are rewired, and when 
alpha is one all edges are rewired. While random graphs show large changes in commu-
nity structure even when only rewiring a small proportion of edges, robust community 
structures remain the same until a larger proportion of edges is rewired (Karrer et al. 
2008). As the rewiring of edges required some edges to be zero, graphs for the VOI com-
putations were thresholded at −0.5 < r > 0.5 (i.e. removing weak correlations between 
participants). The community structure after thresholding remained highly similar to the 
original community structure.
All community detection analyses were performed using Matlab (Mathworks, R2011b) 
and the functions provided by Olaf Sporns, Mikail Rubinov, and collaborators (https://
sites.google.com/site/bctnet/).
Statistical analyses
Patients and controls were compared on age, estimated IQ, and education level using 
separate independent samples t-tests; they were compared on gender using a Pearson chi-
square test. Within the group of patients and controls, as well as in the total sample, we 
compared participants between profiles on gender, IQ, and ADHD symptoms (from both 
the DIVA interview and the self-report questionnaire). Additionally, within the ADHD 
patient group we tested for differential distributions of comorbid psychiatric disorders 
(as measured by the SCID I interview) between the profiles using Pearson chi-square 
tests. We investigated this for the total number of comorbid disorders the patient had 
experienced, and more specifically for whether major depressive disorder and substance 
use disorder had been experienced in the past as these were the most prevalent comor-
bidities in the sample. Data from the SCID interview was missing for 10 patients.
Per profile, we compared factor scores between patients and controls using a MANOVA. 
Furthermore, we computed the average score of all six factors combined per subject, and 
compared patients and controls on this total factor score using an independent samples 
t-test per profile.
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Focusing on only the patients with ADHD, we investigated if clinical subtypes of 
ADHD were differentially distributed between the profiles. For this we used the Pearson 
chi-square test on subtype (both the subtype determined by the DIVA interview and by 
the self-report questionnaire) and profile.
4.3 RESULTS
Adults with ADHD and healthy controls did not differ in terms of age (T = 0.54), gender 
(χ2 = 0.10) or IQ (T = 1.19), but controls were higher educated (T = 4.66, p < 0.001; Table 
4.1). Sixty-one patients were identified by the DIVA interview as having combined type 
ADHD, 38 as having the inattentive subtype and eight as having the hyperactive/impul-
sive subtype. Five patients had less than four or five instead of six inattention or hyperac-
tivity/impulsivity symptoms, which we classified as ‘sub-threshold ADHD’. Thirty-three 
participants (11 controls, 21 patients) did not participate in the clinical interviews (but 
Table 4.1: Characteristics of participants.
Healthy controls
 (n = 132)
ADHD patients
(n = 133)
Total sample
(n = 265)
Gender 53 (40.2%) male 56 (42%) male 109 (41.1%) male
Mean age (SD) 36.30 (11.75) 35.56 (10.40) 35.93 (11.08)
Mean IQa (SD) 109.97 (14.90) 107.84 (14.34) 108.90 (14.63)
Mean educationb (SD) 5.16 (0.81) 4.70 (0.80) 4.93 (0.83)
Profile 1 n = 46 (35%) n = 52 (39%) n = 100 (46 C; 54 A)
Profile 2 n = 31 (23%) n = 31 (23%) n = 49 (28 C; 21 A)
Profile 3 n = 55 (42%) n = 50 (38%) n = 116 (58 C; 58 A)
Q-value 0.46 0.47 0.47
Differences between profiles
Gender χ2 = 3.85 χ2 = 1.95 χ2 = 0.99
IQa F = 2.40 F = 0.45 F = 1.52
DIVA
Inattentive symptoms F = 1.68 F = 1.05 F = 1.48
Hyperactive symptoms F = 0.77 F = 2.70 F = 0.54
Self-report
Inattentive symptoms F = 0.65 F = 1.59 F = 2.49
Hyperactive symptoms F = 0.34 F = 4.81** F = 2.00
Note. C = control participants, A = ADHD patients; DIVA = Diagnostic Interview for Adult ADHD.
aEstimated IQ based on performance on the WAIS-III block pattern and vocabulary tasks.
bEducation level was coded from 1 (unfinished primary school) to 7 (post-university).
**p < .01.
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did fill out the self-report questionnaires). Self-report identified 55 patients as combined 
type, 39 as inattentive, 13 as hyperactive/impulsive subtype and 26 as sub-threshold 
ADHD (less than six symptoms).
Confirmatory Factor Analysis
Out of the 21 analysed variables, of which the original case-control comparison has been 
published elsewhere (Mostert, Onnink, et al. 2015), 17 were included in the final models 
investigated in the current study. The variable Trailmaking-part B was highly correlated 
with the other Trailmaking variables and was therefore excluded from the CFA models. 
Additionally, removing the variables SA-dots mean RT, SART mean RT and SART SD 
of RT improved the model fit. The best-fitting six-factor solution produced a superior fit 
over competing models: χ2 (104) = 167.81, CFI = 0.925, TLI = 0.901, RMSEA = 0.048, 
66 free parameters (Figure 4.1; Supplementary information). We labelled the six factors 
‘reaction time and reaction time variability’, ‘delay discounting’, ‘verbal fluency’, ‘working 
memory’, ‘attention’, and ‘inhibition’. As can be seen from Table 4.2, patients with ADHD 
performed significantly worse than healthy controls on all six factors.
Figure 4.1: The best-fitting six-factor model that was 
tested with the CFA for data reduction.
Note. Shown are the standardized loadings of variables 
onto the factors. Not shown are cross-loadings, error 
terms, and correlations between factors. Factor names 
are arbitrary labels based on the theorized underlying 
measure of the variables loading onto the factor. CFA = 
confirmatory factor analysis; RT = reaction time; RTV 
= reaction time variability; BS mean RT = Baseline 
speed task mean reaction time; BS sd RT = Baseline 
speed task standard deviation of reaction time; SA sd 
RT = SA-dots task standard deviation of reaction time; 
Tmt A = Trailmaking task time to complete Part A; k10 
/ k30 / k100 = Delay discounting task impulsivity pa-
rameter for 10 / 30 / 100 euros; Animals / professions / 
letters = number of animals / professions / letters listed 
in fluency task; DS forward = digit span in the forward 
condition; DS backward = digit span in the backward 
condition; SA sdError = standard deviation in errors 
made across the blocks on the SA-dots task; SA bias = 
response bias on the SA-dots task; SART CE = com-
mission errors made on the SART; SART OE = omis-
sion errors made on the SART. 
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On the seven tasks that were included in the final six-factor model, there was miss-
ing data for 32 controls and 50 ADHD patients. Although covariance coverage for the 
model including missing data was sufficient (minimal 77%), excluding participants with 
missing data from the CFA resulted in a slightly improved model fit (χ2 (104) = 142.575, 
CFI = 0.939, TLI = 0.920, RMSEA = 0.045, 66 free parameters). The differences between 
patients and controls on the factor scores remained when only taking into account the 
participants with complete data.
Community detection to identify cognitive profiles
Using the CD algorithm on the complete group, the controls, and the ADHD sample 
resulted in three cognitive profiles per sample. These profiles were highly similar across 
the samples (Table 4.1; Figure 4.2). Per sample (total, control, and ADHD), participants 
did not differ between profiles in terms of gender distribution and estimated IQ. Qual-
ity checks showed that these profiles were markedly different from profiles generated 
from random networks (Supplementary Figure 4.2), and that the networks were robust 
Table 4.2: Factor scores per diagnostic group and per cognitive profile.
RT and RTV DD VF WM Attention Inhibition All factors
Profile 1
Controls (n = 46) −0.76 (0.65) −0.37 (0.84) 0.77 (0.91) −0.77 (1.07) 0.14 (0.69) 0.16 (0.85) −0.39
ADHD (n = 52) 0.29 (1.14) 0.26 (0.87) −0.26 (0.94) −0.15 (0.97) 1.14 (0.95) 0.88 (1.09) 0.36
Difference 30.21*** 13.07*** 7.33** 8.84** 34.99*** 12.79*** −5.70***
Profile 2
Controls (n = 31) −0.51 (0.81) 0.67 (0.63) −0.37 (0.74) −0.29 (0.81) −0.70 (0.63) −0.51 (0.78) −0.28
ADHD (n = 31) 0.39 (1.07) 0.90 (0.94) −0.15 (0.96) 0.41 (0.80) −0.02 (0.79) 0.06 (0.83) 0.26
Difference 13.91*** 1.33 1.02 11.79** 13.78*** 7.69** −3.56
Profile 3
Controls (n = 55) 0.12 (0.74) −0.56 (0.91) 0.41 (0.85) 0.19 (0.79) −0.60 (0.64) −0.50 (0.80) 0.55
ADHD (n = 50) 0.35 (0.94) −0.29 (0.89) 0.85 (0.58) 0.58 (0.85) −0.21 (0.87) −0.23 (0.80) 0.61
Difference 1.92 2.41 9.24** 5.72* 7.10** 3.13 −2.92
All profiles
Controls (n = 132) −0.34 (0.82) −0.20 (0.96) −0.18 (0.99) −0.25 (0.99) −0.37 (0.75) −0.27 (0.87)
ADHD (n = 133) 0.33 (1.05) 0.20 (1.00) 0.18 (0.97) 0.25 (0.94) 0.36 (1.08) 0.27 (1.05)
Difference −5.78*** −3.40** −3.02** −4.26*** −6.38*** −4.59***
Note. For each profile, values in the first two rows indicate mean (SD) factor scores per group, and those 
in the third row show the F value for the difference between the groups on that factor (T value for the to-
tal factor scores comparisons). As factor scores were normalised across the entire sample, positive scores 
indicate worse than average performance, negative scores indicate better than average performance. RT 
= reaction time; RTV = reaction time variability; DD = delay discounting; VF = verbal fluency; WM = 
working memory. *p < .05. **p < .01. ***p < .001.
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against chance variations (Supplementary Figure 4.3). CD on only those participants 
with complete data gave very similar results, indicating that the profiles were not influ-
enced by estimated data points in the CFA (not shown).
As performing the CD on the total sample did not add additional information beyond 
analysis of the control and ADHD samples separately, we focus on the latter two in the 
remainder of this section. Profile 1 was characterised by lower performance on attention 
and inhibition as compared to the other factors. Patients within this profile performed 
worse than controls on all six factors (Table 4.2; Figure 4.3). Profile 2 stood out through 
high scores for impulsive behaviour captured in the delay discounting factor. Patients 
and controls within this profile performed similar on this factor as well as on working 
memory, while the patients showed worse performance on the other four factors. Profile 
3 was marked by aberrant working memory and verbal fluency. Here, patients performed 
worse than controls on those two factors and on attention, but not on delay discounting, 
reaction time and reaction time variability or inhibition.
Association between cognitive profiles and clinical ADHD symptoms
Based on self-report, there was a slightly unequal distribution across profiles of patients 
with predominantly hyperactivity/impulsivity symptoms, predominantly inattention 
symptoms, and those with high scores in both symptom domains (Combined type; Pear-
son χ2 = 14.29, p < 0.03) (see Supplementary Table 4.1). The self-reported combined 
type was most prevalent in our sample (N = 55), and about half were in Profile 1 (25 
out of 52 patients). Patients with the inattentive subtype (N = 39) were predominant in 
profiles 1 and 3 (14 out of 52 and 16 out of 50 patients respectively). The hyperactive/
Figure 4.2: Profiles from community detection. Note. For each sample (total sample, healthy controls, 
and ADHD patients), lines represent participants in each profile from the community detection. Lines 
indicate the mean z score (y-axis) for each factor (x-axis); error bars indicate standard error of the 
mean. As factor scores were normalised across the entire sample, positive scores indicate worse than 
average performance, negative scores indicate better than average performance. Diamond-dashed lines 
represent participants in Profile 1, full lines Profile 2, and stripe-dashed lines Profile 3. RT/RTV = reac-
tion time and reaction time variability, DD = delay discounting, VF = verbal fluency, WM = working 
memory, Att. = attention, Inh. = inhibition.
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impulsive subtype was least common in our sample (N = 13), and these patients were 
mainly found in Profiles 1 and 2 (5 out of 52 and 7 out of 31 patients respectively). Such 
differential distributions were not found when symptom severity scored using the DIVA 
interview was investigated (Pearson χ2 = 7.14, p = 0.31).
Based on the self-report scores, patients differed between profiles in the number of 
hyperactivity/impulsivity (F = 4.81, p < 0.01), but not inattention (F = 1.59, p = 0.21) 
symptoms (Table 4.1). Patients in Profiles 1 and 2 had significantly more hyperactivity/
impulsivity symptoms than patients in Profile 3. Again, no differences between profiles 
were observed when considering ADHD symptoms as measured by the DIVA interview 
(inattention: F = 1.05, p = 0.35; hyperactivity/impulsivity: F = 2.70, p = 0.07).
Figure 4.3: Comparing patients with ADHD and healthy controls within each profile. Note. Similar 
to Figure 4.2, lines represent the mean z scores (y-axes) per factor (x-axes). Full lines indicate healthy 
control participants, dashed lines patients with ADHD. Mean factor scores per group are shown for the 
total sample and for each profile separately. For visualisation purposes, factor scores were normalised to 
the control sample mean (instead of to the total sample mean, which was used for the analyses). Positive 
scores indicate worse than control average performance, negative scores indicate performance below the 
control sample average. Asterisks (*) indicate a significant difference between patients and controls. RT/
RTV = reaction time and reaction time variability, DD = delay discounting, VF = verbal fluency, WM = 
working memory, Att. = attention, Inh. = inhibition
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Association between cognitive profiles and a history of comorbid psychiatric disorders
Past episodes of major depressive disorder (MDD) and substance use disorder (SUD) 
were present in 42% and 20% of patients with ADHD respectively. Neither disorder did 
occur more frequently in one of the cognitive profiles compared to the other profiles 
(MDD: X2 = 0.44, p = 0.81; SUD: X2 = 1.94, p = 0.38). The same was true for the total 
number of comorbid psychiatric disorders experienced by a patient: there were no differ-
ences between the profiles (X2 = 7.71, p = 0.66). On average, patients had one comorbid 
disorder (SD = 1, range 0 – 5).
4.4 DISCUSSION
In this paper we have shown that using community detection both adults with ADHD 
and healthy controls can be separated into different subgroups, or cognitive profiles, 
based on their neuropsychological performance. Both in the control and ADHD sample 
some individuals were characterised by aberrant attention and inhibition (Profile 1) while 
others were impulsive in delay discounting (Profile 2), or performed relatively poorly on 
working memory and verbal fluency (Profile 3). These profiles thus represent qualita-
tive differences in performance. Within profiles however, quantitative differences were 
observed, as patients performed worse than controls on most, although not all, neuro-
psychological factors. Furthermore, there was a weak association between self-reported 
current ADHD symptoms and the cognitive profiles.
Although the patient group as a whole performed worse on all neuropsychological 
domains defined by confirmatory factor analysis, individual patients were not necessarily 
impaired on each of these. Rather, they could be separated into different groups based on 
their performance. Our findings clearly reject the null hypothesis that adult ADHD can 
be characterised by a single cognitive profile that is typical for the entire patient group. 
This confirms recent findings reported in the childhood ADHD literature and extends 
the theory that there is no single, core causal deficit underlying ADHD (Coghill et al. 
2013; De Zeeuw et al. 2012; Nigg, Willcutt, et al. 2005) to adults. The current results also 
add to our previous findings of cognitive heterogeneity in the same sample by showing 
that this heterogeneity is not random, but can be parsed into three qualitatively differ-
ent cognitive profiles. We show a dissociation between patients with high delay aversion 
(Profile 2) and those with poor inhibitory control (Profile 1). This finding is in line with 
the dual pathway model proposed by Sonuga-Barke that argues for two distinct pathways 
to ADHD; one of a motivational style with delay aversion as one of its characteristics, 
and one of disordered regulation of thought and actions, characterised by inhibitory 
dysfunction (Sonuga-Barke 2002). Hence the dual pathway model proposes a distinction 
between executive dysfunction and delay aversion; those arise from distinct biological 
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pathways, but result in the same ADHD symptoms (Sonuga-Barke 2005). The unifying 
theory of ADHD on the other hand, that puts inhibitory deficits as the core deficit, would 
predict that all patients with ADHD were impaired on the factor inhibition, which would 
underlie secondary deficits in executive functions and delay aversion (Barkley 1997). 
This was clearly not the case. Our data also show an additional distinction of executive 
functions, with inhibition and attention on the one hand (Profile 1) and verbal fluency 
and working memory on the other hand (Profile 3). This suggests that also within the 
domain of executive functioning impairments are not homogeneous and affect distinct 
cognitive functions in subsets of patients.
Heterogeneity in performance was not only apparent in patients with ADHD, but also 
in healthy controls. In line with previous studies, similar cognitive profiles were found in 
the ADHD and in the control group (Fair et al. 2012; van Hulst et al. 2014). As can be seen 
from Table 4.1, even the distribution of patients across the different profiles was strik-
ingly similar to that of control participants. This was further supported by our findings 
for the analysis of the total sample, where the same cognitive profiles emerged (Figure 
4.2). Alternatively, one might have expected this sample to split into two profiles that 
separated patients from controls. We interpret these findings as an indication that ADHD 
is not characterised by a single deficient cognitive profile, but rather as performance at 
the extreme of normal variation.
One premise of the dual pathway theory is that deficiencies in distinct domains result 
in the same ADHD symptoms and diagnosis (Sonuga-Barke 2003). Based on the DIVA 
interview we found no differences in subtype or ADHD symptom distribution across 
the profiles. While the DIVA interview has a lifelong, pervasive perspective, a self-report 
questionnaire likely reflects the more actual symptom perception by the patient. Using 
this measurement, we observed that patients in Profiles 1 and 2 had slightly more hy-
peractivity/impulsivity symptoms as compared to those in Profile 3. There was also a 
small but significant difference in the distribution of DSM-IV ADHD subtypes across 
the profiles, although there was no profile in which a particular subtype was strongly 
overrepresented (see Supplementary Table 4.1). We therefore conclude that there does 
not seem to be a strong relationship between pervasive ADHD symptoms and cognitive 
subtypes, supporting the model that ADHD symptoms can arise from dysfunction in dis-
tinct behavioural domains with distinct neurobiological underpinnings (Sonuga-Barke 
2005).
The relationship between clinical symptoms and cognitive functioning is a complex 
one (Coghill et al. 2013). In a longitudinal study on boys with ADHD, changes in symp-
toms over time were not associated with changes in cognitive performance (Coghill et al. 
2014). Similarly, clinical response to chronic methylphenidate treatment was not associ-
ated with improvements in cognitive performance on the majority of tasks with a strong 
executive component (Coghill et al. 2007). Clinical symptoms are also weakly associated 
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with functional impairments - which are the consequences that an individual experiences 
as a result of behavioural symptoms - such as low grades (= functional impairment) due 
to distractibility at school (= symptom) (Barkley & Cunningham 2006; Gordon & Ant-
shel 2006). The cognitive profiles we observed may be more closely related to functional 
impairments than to symptoms. It has for example been shown that deficits in execu-
tive functioning are strongly associated with poor academic outcome in children with 
ADHD and with occupational functioning in adults with ADHD (Barkley & Murphy, 
2010). Although for the latter it should be noted that self-ratings of executive functioning 
impairments were more predictive than scores on tests measuring executive functioning. 
From a clinical perspective it would be of interest to investigate if patients from different 
cognitive profiles show different functional impairments. Unfortunately, such data was 
unavailable in the present study.
Across the cognitive profiles, patients did not differ in the number of comorbid disor-
ders they had been diagnosed with. Similarly, past episodes of MDD or SUD were also not 
more frequent in a particular profile. This finding is in accordance with previous studies 
reporting that deficits in cognitive performance cannot be accounted for by comorbid 
disorders (Nigg, Stavro, et al. 2005; Silva et al. 2013; Mostert, Onnink, et al. 2015).Our 
work extends earlier findings on neuropsychological subgroups in children with ADHD 
and typically developing controls (Fair et al. 2012). It should be noted, however, that we 
did not find identical cognitive profiles as were reported in children. While Fair and co-
workers found four and six cognitive profiles in typically developing and ADHD children 
respectively, we identified three profiles in each sample. Additionally, characteristics of 
the cognitive profiles were different between the two studies. Importantly, we did not 
study the exact same cognitive domains. For example, in contrast to Fair and coworkers 
we measured delay discounting and verbal fluency, but we did not include measures of 
temporal information processing and arousal. It is therefore difficult to compare the cog-
nitive profiles between the studies. Despite this, some interesting aspects do stand out. 
First, we did not observe a distinct profile for reaction time variability in adults. Instead, 
patients in all three profiles were impaired on this measure, consistent with our earlier 
findings showing that reaction time variability is consistently increased in adults with 
ADHD, and has the largest effect size for distinguishing patients from controls (Mostert, 
Onnink, et al. 2015). This also ties in with a recent meta-analysis showing moderate-to-
large effect sizes for reaction time variability in children, adolescents and adults with 
ADHD (Kofler et al. 2013). Second, while children that performed poorly on working 
memory also showed low inhibition and response speed, in adults poor working memory 
and poor inhibition were part of distinct profiles (Profiles 3 and 1, respectively). This is 
in line with a previous study showing that working memory and inhibition become more 
distinct during development (Tsujimoto et al. 2007). Longitudinal analyses are needed to 
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confirm whether the differences in cognitive profiles between children and adults with 
ADHD are due to developmental neuropsychological differences.
From a clinical perspective, the identification of cognitive subtypes creates possibili-
ties for more individual-based treatments (Sonuga-Barke 2005). For this it is essential to 
know more about the neurobiological mechanisms that are associated with the observed 
behaviour. It would therefore be of interest to investigate whether patients from distinct 
cognitive profiles show different neural activity patterns during a task or resting state. 
This would provide evidence for impairments in distinct neurobiological pathways lead-
ing to ADHD. Additionally, it would be of interest to investigate whether these profiles 
predict response to treatment or associations with certain genes. Taken together, such 
studies are in line with the recently proposed Research Domain Criteria (RDoC) strategy 
from the National Institute of Mental Health (NIMH) to investigate mental disorders not 
as homogenous categories, but as constructs overarching multiple domains (Insel et al. 
2010).
The current findings should be seen in the context of several strengths and limitations. 
Using data from a large sample of adults with persistent ADHD and healthy controls 
tested on a wide range of cognitive tasks, we were able to follow a similar rationale as was 
previously described by Fair and colleagues in their study of children with and without 
ADHD (Fair et al. 2012). Our findings hence extend the notion of distinct cognitive 
subgroups to adult ADHD. As mentioned, a limitation of the current study is that the 
neuropsychological measurements did not completely match the measurements of the 
Fair study. We therefore do not interpret our findings as being the only possible distinc-
tion of adults with ADHD into cognitive profiles. Second, we have focused on a single 
method of clustering using graph theory. Other studies have used latent class analysis 
(LCA) to answer similar questions (e.g. van Hulst et al. 2014), which provides a similar 
type of output (class membership). However, whereas the community detection algo-
rithm looks for clusters of highly correlated individuals, LCA uses structural equation 
modelling (McCutcheon 1987). Different clustering methods may therefore give differ-
ent solutions. Third, as not all participants completed all tasks, missing data points were 
estimated to prevent exclusion of participants. As missing scores were estimated based 
on the available data of that participant, within-subject differences in performance across 
tasks will be reduced. However, we confirmed that when excluding subjects with missing 
data points, the same three profiles were identified. Therefore, this limitation did not bias 
our findings, though it may have reduced power.
To conclude, in this study we have shown that there is no single, core cognitive impair-
ment in adult ADHD. Instead, patients can be parsed into three qualitatively distinct 
cognitive profiles. Such cognitive heterogeneity is also present in the non-ADHD 
population, supporting the notion that ADHD is the extreme of traits that are normally 
distributed in the population. Distinguishing patients into well-characterised subgroups 
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based on cognitive performance may advance our understanding of the biological causes 
underlying the disorder and ultimately improve treatment efficacy.
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SUPPLEMENTARY INFORMATION
Alternative models for Confirmatory Factor Analysis
In addition to the six-factor model described in the main text, we also tested three com-
peting models. These were a one-factor model in which all variables would load onto 
the same factor, a seven-factor model in which variables from each task would load onto 
a separate factor, and a five-factor model in which attention measures would load onto 
the reaction time and variability factor (see Supplementary Figure 1). The latter model 
was based on the hypothesis that response variability is a measure of attention, although 
the precise neuropsychological nature of response variability is still poorly understood 
(Tamm et al., 2012). These models are shown in Supplementary Figure 1.
We compared the best-fitting alternative models to the initial model and evaluated 
model fits. The fit for the six-factor model was superior to the one-factor model (χ2 
(119) = 644.16, CFI = 0.379, TLI = 0.290, RMSEA = 0.129, 51 free parameters) and to a 
five-factor model (χ2 (109) = 193.01, CFI = 0.901, TLI = 0.876, RMSEA = 0.054, 61 free 
parameters). A seven-factor model, with one factor for each task, was inadequate due to 
high correlations between the latent factors for digit span and the Trailmaking task. We 
therefore concluded that the six-factor model provided the best fit of the data.
105
Subgroups based on cognitive performance in adult ADHD
4
Supplementary  Table 4.1: Distribution of ADHD subtypes, based on the self-report questionnaire, 
across profiles.
Inattentive subtype Hyperactive subtype Combined subtype Subthreshold ADHDa
Profile 1 (N = 52) 14 (35.9%) 5 (38.5%) 25 (45.5%) 8 (30.8%)
Profile 2 (N = 31) 9 (23.1%) 7 (53.8%) 12 (21.8%) 3 (11.5%)
Profile 3 (N = 50) 16 (41.0%) 1 (7.7%) 18 (32.7%) 15 (57.7%)
Indicated are the numbers of patients with a particular subtype within profile. Percentages in brackets 
reflect percentage of the total number of patients with that subtype. a) The patients have between 3 and 
5 inattentive and/or hyperactive symptoms.
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Supplementary Figure 4.1: Alternative CFA models. A) CFA model with all variables loading onto a 
single factor. B) CFA five-factor model, where variables measuring attention load onto the combined 
factor of reaction times, variability and attention. C) CFA seven-factor model where each task is a sepa-
rate factor. RT = reaction time; RTV = reaction time variability; sd = standard deviation; Bs = Baseline 
task; Tmt = trailmaking task; Ds = Digit span task; SA dots = sustained attention dots task; SART = 
sustained attention response task; CE = commission errors; OE = omission errors.
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ADHD patients randomised data
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Supplementary Figure 4.2: Community detection on a randomised networks based on data from the 
control (left) and ADHD (right) samples.
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Supplementary Figure 4.3: Variation of information. Robustness of the network was assessed by ran-
domly rewiring a proportion (alpha; x-axis) of the edges and assessing the variation of information (y-
axis) between the original and the new (after rewiring) community structure. In random networks (with 
equivalent strength and degree distributions as the original network) even small perturbations result in 
large variations in community structure (dotted lines). In robust networks on the other hand, chance 
variation has a much smaller effect. The VOI for the original data is shown by the solid lines, and was 
thresholded at −0.5 < r > 0.5.
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ABSTRACT
We have previously shown that resting-state functional connectivity (RSFC) strength 
in the executive control and cerebellum networks is associated with clinical symptoms 
of hyperactivity / impulsivity in adults with attention-deficit/hyperactivity disorder 
(ADHD). However, it remained unclear whether RSFC in these networks would also 
correlate with behavioural measures of impulsivity and inhibitory control, and if im-
pulsive ADHD patients would show stronger effects in these networks compared to 
less impulsive patients, or healthy controls. We therefore used a previously identified 
subgroup classification of cognitive profiles that was based on performance over a range 
of behavioural domains. We investigated RSFC strength in the executive control and 
cerebellum networks in relation to behavioural differences in inhibition and impulsivity. 
In a total sample of N = 212 (99 ADHD patients, 113 controls), we first tested for RSFC 
differences in the two RSNs between participants (patients and controls combined) in the 
behaviourally impulsive profile and participants in the other cognitive profiles. Second, 
we tested if patients in this profile differed in RSFC of both RSNs from the total control 
group, and we compared patients and controls within each cognitive profile. Third, we 
investigated whether performance on delay discounting or response inhibition correlated 
with RSFC in either of these two resting-state networks (RSNs) using voxel-wise correla-
tion analyses. We did not find significant correlations between behavioural performance 
and RSFC within the cerebellum and executive control network. Neither did we observe 
significant differences in connectivity patterns between the profiles. Lastly, differences 
between patients and controls did not survive multiple testing correction when compar-
ing these groups within each profile. We conclude that cognition-based subgroups within 
the adult ADHD population do not differ in the functional network organisation of the 
executive function or cerebellum network during rest. This is likely to be related to the 
poor association between RSFC in those RSNs and behavioural performance. Future 
studies of adult ADHD aetiology should be focussed on neuroimaging measurements 
that correlate better with behavioural impairments in ADHD.
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5.1 INTRODUCTION
Attention-deficit/hyperactivity disorder (ADHD) in adulthood is highly prevalent, 
affecting between 2.5 and 4.9% of the adult population (Simon et al. 2009; Franke et 
al. 2012), but the aetiology of the disorder is still poorly understood. Several lines of 
evidence suggest that the cognitive problems and symptoms present in adult ADHD are 
linked to aberrant functional brain connectivity (e.g. Castellanos et al. 2008; Hoekzema 
et al. 2014; McCarthy et al. 2013). Aberrant functioning of the default-mode, cerebellum, 
executive control, and left/right frontoparietal networks has been associated with ADHD 
and ADHD symptoms (for reviews, see Cubillo et al. 2012; Bush 2011; Sonuga-Barke & 
Castellanos 2007; Konrad & Eickhoff 2010). We have recently shown in a large sample of 
adults that resting-state functional connectivity (RSFC) in the executive control network 
(ECN) was stronger in patients with ADHD compared to healthy participants, although 
the effect size of this difference was small (Mostert et al. 2016). Furthermore, in the same 
study we showed that RSFC strength within ECN and cerebellum network (CER) was 
positively correlated with the number of hyperactivity/impulsivity symptoms. In contrast, 
a longitudinal study on children and adolescents with ADHD found that a decrease in 
hyperactivity / impulsivity symptoms over time was associated with stronger connectivity 
in the ECN (Francx et al. 2015). The authors suggested that this reflects a compensatory 
mechanism, as adolescents with remitted ADHD showed stronger connectivity in this 
network compared to the control group.
As mentioned, our previous study reported significant, but small effects. A possible 
explanation for the small effect sizes in comparisons between patients and controls is the 
heterogeneity of the samples. The same clinical diagnosis of ADHD may include various 
subgroups of patients with different aetiologies that underlie the clinical symptoms. As 
one example of this heterogeneity, several studies that measured cognitive performance 
have shown that, although patients as a group are impaired in several cognitive domains, 
not all patients are impaired in the same domains (Coghill et al. 2013; Hervey et al. 2004; 
Mostert, Hoogman, et al. 2015). Furthermore, effect sizes are moderate when compar-
ing patients to controls on various cognitive measures (Boonstra et al. 2005; Mostert, 
Onnink, et al. 2015). One potential way to overcome the heterogeneity problem is to 
sub-categorise patients based on cognitive performance. Clustering methods such as 
community detection from graph theory can be used to cluster participants into sub-
groups, as was initially done by Fair and colleagues in children (Fair et al. 2012), and 
recently by our own group in adults with ADHD (Mostert, Hoogman, et al. 2015). In 
both the healthy and patient samples, analysed separately, we identified three cognitive 
profiles. Profile 1 represented participants characterised by poor performance on sus-
tained attention and response inhibition tasks. Profile 2 represented participants who 
responded highly impulsive in delay discounting tasks, and in Profile 3 participants were 
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clustered who performed poorly on working memory and verbal fluency tasks. Notably, 
although patients and healthy participants showed the same pattern of within-subject 
performance in the distinct cognitive domains (i.e. the profiles were qualitatively similar 
between patients and controls), on most domains healthy participants showed better 
performance than patients (i.e. there were quantitative differences between patients and 
controls within the profiles, see Figure 4.3 in Chapter 4).
Having identified these distinct cognitive profiles within the ADHD and control 
samples, we were interested in evaluating whether these subgroups are also distinct in 
terms of functional connectivity patterns. Furthermore, if the profiles were to represent 
more homogeneous subgroups in terms of cognition as compared to the total patient 
or control groups, this might be reflected in less within-group variance in functional 
connectivity and larger between-group effects. Based on our previous findings that symp-
toms of ADHD, especially hyperactivity and impulsivity, were positively correlated with 
RSFC in the CER and ECN, we were particularly interested in those two RSNs and their 
association with impulsive behaviour. The ECN includes medial and lateral prefrontal 
regions, the supplementary motor area, cingulate cortex, and the ventral striatum (see 
Figure 5.1A). This network has been associated with both response inhibition and mak-
ing intertemporal choices (i.e. taking into account a time period), such as delay discount-
ing (Bari & Robbins 2013; Li et al. 2013; Laird et al. 2011). Response inhibition also relies 
on the cerebellum and its connections to basal ganglia and prefrontal cortex (Picazio & 
Koch 2015) (see Figure 5.1B). Furthermore, besides its role in motor control, the role 
of the cerebellum in cognitive processes – including language, emotions, and executive 
functions - is increasingly acknowledged (Stoodley & Schmahmann 2009; Laird et al. 
2011).
This study consisted of three parts. First, we investigated between-profile RSFC dif-
ferences in the CER and ECN. Here, we expected that persons classified as belonging 
to the highly impulsive profile (Profile 2) would show stronger RSFC in the CER and 
ECN compared to those in the other profiles. Second, to test the hypothesis that the 
cognitive profiles would provide more homogeneous subgroups we compared RSFC in 
the CER and ECN between patients and controls within each profile, hypothesising that 
patients would show stronger connectivity in these networks than controls even within 
the same profiles. In addition, we also tested if patients in Profile 2 differed in RSFC from 
the controls from all profiles. Third, we investigated dimensional associations between 
behavioural performance on response inhibition and delay discounting task and RSFC 
strength in the CER and ECN. Given the known link between those RSNs with both 
hyperactivity/impulsivity and performance of those tasks (Scheres et al. 2008; Bari & 
Robbins 2013) we hypothesised that RSFC strength in the RSNs would be positively cor-
related with impulsive behaviour and inhibitory performance.
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5.2 METHODS
Participants
A total of 212 adult participants were included in the analyses, 113 healthy control par-
ticipants and 99 patients with ADHD. These were the same participants as in our previ-
ous analysis of resting-state fMRI data (Mostert et al. 2016). Participants were all part 
of the Dutch cohort of the International Multicenter persistent ADHD CollaboraTion 
(IMpACT) (Franke et al. 2010). Other studies on this cohort, using subsets of these data, 
have been reported elsewhere (Hoogman et al. 2011; Hoogman et al. 2013; Onnink et al. 
2014; Wolfers et al. 2015; Mostert, Hoogman, et al. 2015; Mostert, Onnink, et al. 2015). 
Assessment of ADHD symptoms was done using the structured diagnostic interview 
for adult ADHD (DIVA; http://www.divacenter.eu; Kooij 2010) and with the ADHD-
DSM-IV Self Rating scale that assesses current inattention and hyperactivity/impulsivity 
symptoms (Kooij 2005). Other psychiatric disorders were assessed with the Structural 
Clinical Interviews for DSM-IV, SCID-I and SCID-II (First et al. 1997; First et al. 1996).
Participants were selected from the cohort based on several inclusion criteria: present-
ing no current diagnosis of major depressive disorder, substance use disorder, or psycho-
sis, estimated IQ above 80 (assessed with two subtests, block design and vocabulary, of the 
Wechsler Adult Intelligence Scale-III, Wechsler 1997), having no neurological disorders 
and sensorimotor disabilities, showing no excessive head motion during the resting-state 
scan (absolute motion > 1.5 mm and/or the root mean square (rms) of relative motion 
> 0.2 mm), and having no other MRI contra-indications. For patients, additional inclu-
sion criteria were a previous diagnosis of adult ADHD by a psychiatrist according to the 
DSM (4th edition; DSM-IV-TR; American Psychiatric Organisation 2000) and scoring 
at least five symptoms on either the inattention or the hyperactivity/impulsivity domain 
from the DIVA interview (N = 88). In case no DIVA interview was available for a patient 
(N = 11), he/she was included based on scores from the ADHD Self Rating scale using 
the same symptom threshold. Controls were only included if they scored less than four 
symptoms on the DIVA interview (N = 104), or – if not available - on the Self Rating scale 
(N = 9). Patients using stimulant medication or atomoxetine were included in the study, 
provided they withheld medication for 24 hours prior to testing. Patients using other 
types of medication (such as SSRI’s) were not included. All participants were asked to 
refrain from smoking and drinking coffee prior to and during testing.
This study was approved by the regional ethics committee (CMO region Arnhem-
Nijmegen) and was carried out in accordance with the code of ethics of the World Medi-
cal Association (Declaration of Helsinki). After completely describing the study to the 
subjects, written informed consent was obtained.
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MRI data acquisition and preprocessing
Methods for data acquisition and preprocessing have been described in more detail in 
Mostert et al. (2016). Briefly, a nine-minute resting-state scan was acquired consisting of 
274 interleaved whole-brain functional volumes using echo planar imaging on a Siemens 
1.5-Tesla Avanto scanner (repetition time = 1990 msec; echo time = 45 ms; flip angle = 
83, 23 slices, matrix size = 224 x 224 x 115 mm; acquisition voxel size = 3.5 x 3.5 x 5 mm). 
A high-resolution T1-weighted magnetisation-prepared rapid acquisition gradient echo 
(MPRAGE) anatomical scan was also obtained (176 saggital slices, repetition time = 2730 
ms, echo time = 2.95 ms, voxel size = 1.0 x 1.0 x 1.0 mm, matrix size = 350 x 263 x 350 
mm, inversion time = 1000 ms).
Functional images were preprocessed using FSL software, version 5.0.5 (http://fmrib.
ox.ac.uk/fsl). The first five volumes were discarded, retaining 269 volumes for analyses. 
We performed motion correction with MCFLIRT (Wilson et al. 2002), removal of non-
brain tissue (i.e., skull stripping), grand-mean scaling to normalise the global 4D data, 
and spatial smoothing using a Gaussian kernel of 6 mm full width at half-maximum. 
Subsequently, we used ICA-AROMA to identify residual motion-related artefacts 
(Pruim, Mennes, van Rooij, et al. 2015). The identified motion artefacts were removed 
using linear regression, and similarly signals from the white matter (WM) and CSF were 
removed from the time series. Lastly, a high-pass temporal filter was used with a cut-off 
frequency of 0.01Hz. The preprocessed functional images were linearly registered with 
FLIRT to the subject-specific high resolution T1 images using boundary-based registra-
tion (Greve & Fischl 2009). The T1 images were registered to Montreal Neurological 
Institute (MNI152) standard space using 12-parameter affine transformation and non-
linear registration with FSL FNIRT (10 mm warp, 4 mm resampling resolution; Jenkinson 
et al. 2002; Jenkinson & Smith 2001).
Identification of resting-state networks
To obtain functional connectivity networks we conducted group ICA on the preprocessed 
functional timeseries using MELODIC in FSL (version 3.14; Beckmann et al. 2005), 
estimating 50 spatially independent components (ICs). To obtain these networks of each 
individual we used the dual-regression method that identifies within each participant’s 
functional timeseries data the functional connectivity map that corresponds to each IC 
from the group ICA (Beckmann et al. 2009; Filippini et al. 2009; dual_regression, version 
0.5). For the analysis described in this paper, we only used the functional connectivity 
maps that corresponded to the ECN and CER networks. These were identified by their 
close spatial correspondence (r > 0.4) to the network templates from the study by Smith 
and colleagues (Smith et al. 2009; Figure 5.1A and B).
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Neuropsychological testing and classification into cognitive profiles
All participants were tested on a neuropsychological testing battery measuring sustained 
attention, response inhibition, working memory, verbal fluency, delay discounting, time 
estimation, set-shifting, motor control, response speed, and response speed variability. 
Details about these tasks and differences between patients and controls have been de-
scribed in Chapter 2 (Mostert, Onnink, et al. 2015). As described in detail in Chapter 4 
(Mostert, Hoogman, et al. 2015), Confirmatory Factor Analysis (CFA) was performed for 
data reduction, resulting in six factors: response speed & variability, delay discounting, 
working memory, verbal fluency, attention, and inhibition. Subsequently, factor scores 
were estimated for each participant based on the CFA and were correlated between partici-
pants. Correlation matrices were then entered into the Community Detection algorithm 
that uses graph theory to estimate distinct communities, or clusters, in the data (Newman 
2006; Rubinov & Sporns 2011). This resulted in three communities that reflected distinct 
cognitive profiles: a profile characterised by poor attention and inhibition (Profile 1), an 
impulsive profile characterised by high scores on the delay discounting factor (Profile 2), 
and a profile characterised by poor working memory and verbal fluency (Profile 3). These 
profiles were present in both the control and ADHD groups, although within profiles we 
still found differences between patients and controls in cognitive performance.
Between-profile comparisons on functional connectivity
Having identified the RSNs of interest and behavioural subtype of each participant, we 
investigated within-network functional connectivity differences between the profiles. The 
three profile groups contained both patients and controls (Profile 1: N = 76, 39 healthy 
controls, 37 patients; Profile 2: N = 49, 24 healthy controls, 25 patients; Profile 3: N = 87, 
50 healthy controls, 37 patients). Based on our hypothesis concerning the impulsivity 
profile, we compared RSFC in both the ECN and CER between persons in Profile 2 with 
those in profiles 1 and 3 using voxel-wise independent samples t-tests while correcting 
for age and gender (entered as covariates-of-no-interest). Non-parametric permutation 
testing (applying 5000 permutations) was performed with the Randomise tool of FSL 
(version 2.9). Voxel-wise significance tests were corrected for family-wise errors (FWE) 
in combination with Threshold-Free Cluster Enhancement (TFCE, Smith & Nichols 
2009) and masked with a whole-brain mask, consisting of only those voxels that were 
present in all participants. We used Bonferroni correction to correct for type-II errors 
due to performing two-sided tests in two networks, resulting in a p-value < 0.0125 (0.05 
/ 4) to indicate significance. For all analyses (including the analyses described below) we 
report significant effects with a minimum cluster size of five voxels. MNI coordinates of 
peak voxels were linked to anatomical locations using the Harvard-Oxford cortical and 
subcortical atlases and the cerebellum atlas in MNI152 space, all of which are imple-
Chapter 5
116
mented in FSL. When effects did not survive multiple comparison correction, we also 
report effects at an exploratory threshold of p < 0.05.
Case-control analyses on functional connectivity using cognitive profile information
Second, we investigated whether - within a profile - patients differed from controls. For 
both the ECN and CER we compared patients and controls within each profile, hence 
performing six, two-sided tests. Similar to the analysis above, we performed independent 
samples t-tests using Randomise, with the same settings and covariates-of-no-interest. 
Additionally, we also compared all controls (from the three profiles combined) to only 
those patients in Profile 2. For both analyses, we considered effects with p-values < 0.004 
(0.05/12) significant after multiple-testing correction.
Correlation analyses between functional connectivity strength and behavioural 
performance
We next investigated whether functional connectivity strength in the ECN and CER 
showed similar correlations with behavioural measures of impulsivity and inhibition, in 
addition to the associations with hyperactivity / impulsivity symptoms that we reported 
previously (Mostert et al. 2016). As a measure of impulsivity we used the ‘delay discount-
ing’ factor scores from the CFA (see above). Scores on the ‘inhibition’ factor were used 
Table 5.1: Characteristics of participants
Profile 1 Profile 2 Profile 3 Differences total sample
HC
(N = 39)
ADHD
(N = 37)
Difference 
HC vs
ADHD
HC
(N = 24)
ADHD
(N = 25)
Difference 
HC vs 
ADHD
HC
 (N = 50)
ADHD
 (N = 37)
Difference 
HC vs 
ADHD
Between 
profiles
Between 
HC and 
ADHD
Gender – N (%) male 20 (51%) 17 (46%) X2 = 0.2 10 (42%) 7 (28%) X2 = 1.0 16 (32%) 16 (43%) X2 = 1.2 X2 = 3.3 X2 = 0.002
Age – mean (SD) years 33.7 (11.3) 34.7 (9.8) T = −0.4 37.4 (11.7) 35.3 (11.5) T = 0.6 36.5 (12.2) 34.4 (10.5) T = 0.9 F = 0.6 T = 0.7
Handedness – N (%) right handed 35 (90%) 29 (78%) X2 = 2.1 22 (92%) 22 (88%) X2 =1.0 45 (90%) 33 (89%) X2 = 0.05 X2 = 1.5 X2 = 1.5
Education – mean (SD) levela 5.3 (0.6) 4.8 (0.8) T = 2.6* 5.3 (0.8) 4.7 (0.8) T = 2.8* 5.1 (0.9) 4.7 (0.9) T = 2.1* F = 0.3 T = 4.2*
Estimated IQb – mean (SD) 113.7 (12.8) 108.3 (14.2) T = 1.7 113.5 (15.1) 108.3 (15.3) T = 1.20 107.9 (14.5) 109.8 (13.3) T = −0.6 F = 0.7 T = 1.2
Head motion – mean (SD) mm 0.076 (0.030) 0.076 (0.032) T = −0.03 0.076 (0.029) 0.077 (0.28) T = −0.05 0.075 (0.031) 0.078 (0.032) T = −0.4 F = 0.003 T = −0.3
DIVA: IA – mean (SD) symptoms 0.57 (0.93) 7.78 (1.29) T = −26.3** 0.09 (0.39) 7.39 (1.31) T = - 26.1** 0.33 (0.80) 7.42 (1.70) T = −22.3** F = 0.5 T = −41.5**
DIVA: HI – mean (SD) symptoms 0.35 (0.72) 6.16 (2.17) T = −14.5** 0.68 (1.21) 6.30 (2.03) T = −11.3** 0.36 (0.68) 4.94 (2.60) T = −9.89** F = 2.5 T = −20.0**
Self report: IA – mean (SD) symptoms 0.67 (1.16) 7.11 (1.91) T = −17.7** 0.38 (0.77) 6.12 (1.81) T = −14.6** 0.46 (0.95) 6.38 (1.93) T = −17.14** F = 1.2 T = −28.3**
Self report: HI – mean (SD) symptoms 0.95 (1.72) 5.92 (2.10) T = −11.3** 0.71 (1.16) 6.32 (1.99) T = −12.1** 0.70 (0.93) 4.81 (2.38) T = −9.96** F = 3.0 T = −18.7**
a) Education level was coded from 1 (unfinished primary school) to 7 (post-university), b) estimated 
IQ based on performance on the WAIS-III block pattern and vocabulary tasks. Abbreviations: HC = 
healthy control participants, ADHD = patients with ADHD, N = number of participants, SD = stan-
dard deviation, IA = inattention symptoms, HI = hyperactivity/impulsivity symptoms. Values printed 
in bold indicate a significant group difference where * indicates p < 0.05 and ** indicates p < 0.001.
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as a measure of inhibitory performance. We first tested whether delay discounting and 
inhibition factor scores correlated with clinical symptoms of hyperactivity/impulsivity 
from the DIVA interview. For this we conducted Pearson correlation analysis on data 
from the total sample of participants, patients and controls combined. Second, we ran 
separate voxel-wise correlation analyses for each factor score on each network, where 
the factor score was entered as a covariate-of-interest and age and gender as covariates-
of-no-interest. Due to the correlation between the factor scores, we could not investigate 
both factors in a single, multivariate model to test on each network. We again used 
combined data of both patients and controls, as we were interested in the dimensional 
brain-behaviour relationships in the total sample. Analyses were again performed using 
Randomise (again, correcting for age and gender, applying 5000 permutations and using 
FWE correcting and TFCE). As we here performed four, two-sided tests (two behavioural 
measures tested against connectivity in two networks), resulting in a p-value < 0.00625 
(0.05 / 8) to indicate significance.
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Gender – N (%) male 20 (51%) 17 (46%) X2 = 0.2 10 (42%) 7 (28%) X2 = 1.0 16 (32%) 16 (43%) X2 = 1.2 X2 = 3.3 X2 = 0.002
Age – mean (SD) years 33.7 (11.3) 34.7 (9.8) T = −0.4 37.4 (11.7) 35.3 (11.5) T = 0.6 36.5 (12.2) 34.4 (10.5) T = 0.9 F = 0.6 T = 0.7
Handedness – N (%) right handed 35 (90%) 29 (78%) X2 = 2.1 22 (92%) 22 (88%) X2 =1.0 45 (90%) 33 (89%) X2 = 0.05 X2 = 1.5 X2 = 1.5
Education – mean (SD) levela 5.3 (0.6) 4.8 (0.8) T = 2.6* 5.3 (0.8) 4.7 (0.8) T = 2.8* 5.1 (0.9) 4.7 (0.9) T = 2.1* F = 0.3 T = 4.2*
Estimated IQb – mean (SD) 113.7 (12.8) 108.3 (14.2) T = 1.7 113.5 (15.1) 108.3 (15.3) T = 1.20 107.9 (14.5) 109.8 (13.3) T = −0.6 F = 0.7 T = 1.2
Head motion – mean (SD) mm 0.076 (0.030) 0.076 (0.032) T = −0.03 0.076 (0.029) 0.077 (0.28) T = −0.05 0.075 (0.031) 0.078 (0.032) T = −0.4 F = 0.003 T = −0.3
DIVA: IA – mean (SD) symptoms 0.57 (0.93) 7.78 (1.29) T = −26.3** 0.09 (0.39) 7.39 (1.31) T = - 26.1** 0.33 (0.80) 7.42 (1.70) T = −22.3** F = 0.5 T = −41.5**
DIVA: HI – mean (SD) symptoms 0.35 (0.72) 6.16 (2.17) T = −14.5** 0.68 (1.21) 6.30 (2.03) T = −11.3** 0.36 (0.68) 4.94 (2.60) T = −9.89** F = 2.5 T = −20.0**
Self report: IA – mean (SD) symptoms 0.67 (1.16) 7.11 (1.91) T = −17.7** 0.38 (0.77) 6.12 (1.81) T = −14.6** 0.46 (0.95) 6.38 (1.93) T = −17.14** F = 1.2 T = −28.3**
Self report: HI – mean (SD) symptoms 0.95 (1.72) 5.92 (2.10) T = −11.3** 0.71 (1.16) 6.32 (1.99) T = −12.1** 0.70 (0.93) 4.81 (2.38) T = −9.96** F = 3.0 T = −18.7**
a) Education level was coded from 1 (unfinished primary school) to 7 (post-university), b) estimated 
IQ based on performance on the WAIS-III block pattern and vocabulary tasks. Abbreviations: HC = 
healthy control participants, ADHD = patients with ADHD, N = number of participants, SD = stan-
dard deviation, IA = inattention symptoms, HI = hyperactivity/impulsivity symptoms. Values printed 
in bold indicate a significant group difference where * indicates p < 0.05 and ** indicates p < 0.001.
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5.3 RESULTS
Demographic characteristics of the participants included in this study are summarised 
in Table 5.1. There were no differences between the patient and control groups in terms 
of gender, age, estimated IQ, handedness, or head motion during scanning. Controls 
were higher educated than patients with ADHD, and patients had more inattention and 
hyperactivity/impulsivity symptoms, both on the DIVA interview and on the Self Rat-
ing scale. Comparing patients and controls within each profile gave the same pattern of 
results, i.e. within each profile patients were lower educated, but otherwise did not differ 
from control participants. Furthermore, there were no differences between the profiles 
on any of the demographic measures. Clinical symptoms of hyperactivity/impulsivity 
were positively correlated with delay discounting (Pearson ρ = 0.239, p = 0.001) and 
inhibition (Pearson ρ = 0.237, p = 0.001) factor scores.
Contrary to our expectations, we observed no differences in RSFC in the ECN or CER 
between participants in the impulsivity Profile 2 compared to participants in the other 
profiles. This was also the case when not correcting for multiple comparisons (p < 0.05). 
Second, when comparing patients and controls within each profile, none of the effects 
were significant. Only in the analysis comparing patients in Profile 2 to all controls, we 
found that those patients showed stronger RSFC in the CER network, but only at an 
A) Executive control  network B) Cerebellum network C) Cerebellum network
Patients P2 > Controls (all)
p-value0.05 0.0013 5Z-value 3 5Z-value
Figure 5.1: A) The executive control network as identified by the group ICA on the total sample, B) the 
cerebellum network as identified by the group ICA on the total sample, C) the cluster (MNI: 46, −54, 
−12) with stronger RSFC in patients of Profile 2 versus the total control group in the cerebellum network 
(p < 0.05).
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exploratory significance threshold (p < 0.05, while still correcting for voxel-wise tests 
using FWE; Figure 5.1C). The cluster of voxels showing the stronger RSFC in Profile 
2 patients was located in the right inferior temporal gyrus (MNI coordinates: 46, −54, 
−12; p-value peak = 0.015; t-value = 4.53, cluster size = 31 voxels). Third, we did not 
find evidence for the hypothesised brain-behaviour associations. Factor scores on delay 
discounting and inhibition did not correlate with RSFC in the CER and ECN. Also at a 
more liberal significance threshold of p < 0.05 we did not observe any effects.
5.4 DISCUSSION
In this study we investigated whether inter-individual differences in cognitive perfor-
mance corresponded to differences in functional brain connectivity strength during rest, 
and if subgroups defined by their cognitive performance would show distinct functional 
connectivity patterns. Contrary to our expectations, we found no significant differences 
in RSFC between the cognitive profiles. In addition, no differences were observed be-
tween patients and controls, when comparing RSFC within the profiles, although we 
did observe an effect at an exploratory threshold when comparing patients from the 
impulsivity profile with the controls from all profiles combined. Lastly, we also found 
no significant relationship between RSFC in the CER and ECN and the factors delay 
discounting and response inhibition. From these findings we conclude that subdividing 
the patient and control group into behaviourally informed subgroups using community 
detection does not parse heterogeneity in the functional resting-state neural network 
connectivity within the ECN and CER networks previously found associated with adult 
ADHD.
Our previous study had shown that symptoms of hyperactivity and impulsivity were 
positively associated with RSFC in the CER and ECN (Mostert et al. 2016). In the cur-
rent study, we found that these symptoms were also positively correlated with scores on 
delay discounting tasks and response inhibition, although the strength of the correlation 
was moderate. We had therefore expected that scores on delay discounting and response 
inhibition would also correlate with RSFC in these RSNs. Possibly, altered RSFC is more 
strongly associated with clinical symptoms of hyperactivity and impulsivity that are 
experienced in daily life, than with cognitive performance measured in a laboratory set-
ting. Furthermore, the hypothesis that stronger RSFC in the ECN reflects a compensatory 
mechanism was not supported by our data (nor was it rejected), as in that case we would 
have expected strong RSFC to correspond to better inhibitory control and less impulsive 
behaviour (Fassbender & Schweitzer 2006).
Our null-findings are unexpected, as others have reported that components of RSNs 
covary with behavioural measures (Meier et al. 2012) and that RSFC in these networks 
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correlates with task performance (Seeley et al. 2007). However, it has also been suggested 
that equating individual brain networks with specific cognitive functions is likely to be an 
oversimplification (Bressler & Menon 2010). Inter-individual differences may therefore 
not emerge when looking at these networks in isolation. Instead, it may well be that 
complex cognitive functions such as temporal discounting of rewards and the timely 
inhibition of responses require a multidimensional interplay of networks. Novel methods 
are being developed to tackle this problem, such as linked ICA, that search for com-
mon features across multiple modalities (Groves et al. 2011). Alternatively, seed-based 
connectivity analyses could be more suitable for hypothesis-driven studies of brain-
behaviour relationships. However, selecting the appropriate seed region is not trivial, and 
seeds based on MNI-coordinates from other studies may not give the same networks in 
every study sample, as even a small shift in seed-region location can result in a different 
network (Cole et al. 2010). Individual-specific seeds derived from task-based fMRI stud-
ies may be most suitable for such hypothesis-driven investigations. Furthermore, in this 
study we only investigated large-scale functional networks. A closer investigation of the 
more intricate details of connectivity within these networks could provide more insights 
into the relationships between functional connectivity and behaviour.
A second question asked in this study was whether subdividing patients into 
behaviourally-informed subgroups would reduce heterogeneity and thereby show better 
differentiation of RSFC. This proved not to be the case. Within the profiles, patients did 
not differ from controls, when effects were corrected for multiple testing. Only at a lower, 
exploratory threshold,  did we observe one effect. In the CER network, patients in Profile 
2 showed stronger connectivity of the right inferior temporal gyrus compared to all con-
trols in the study. Based on our previous findings we had expected that the difference in 
CER connectivity between patients and controls would be more pronounced when only 
including highly impulsive patients in the analysis. The moderate effect that we found in 
this network, only at nominal significance and located outside the cerebellum, was there-
fore unexpected. As discussed above, clinical symptoms and performance on computer 
tasks may rely on different neural mechanisms. An obvious additional factor influencing 
the findings is sample size and power. Therefore, it might be that the loss of power due 
to reduced sample size (25 versus 99 patients) might have outweighed the reduction in 
heterogeneity brought about by the subgrouping.
Taken together, when participants where subdivided into profiles based on neuropsy-
chological performance, differences between ADHD patients and controls were weakened 
compared to our earlier analyses (Mostert et al. 2016). This contravenes our hypothesis 
that distinct cognitive profiles provide more homogeneous subgroups in the neural func-
tional network organisation of patients with ADHD and healthy controls – although we 
wish not to entirely exclude the possibility that subgrouping can parse heterogeneity, as 
we tested only one approach to subdivision and we looked at only two RSNs. However, it 
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is highly likely that other factors (also) play a role in the heterogeneity of ADHD. Genet-
ics, comorbid disorders, and medication use are known to affect functional connectivity 
(Glahn et al. 2010; Rubia et al. 2009). As the interplay between these factors is difficult 
to model, dividing patients into subgroups may therefore counteract the benefit of large 
sample sizes that compensate for inter-individual variation. Even larger samples would 
therefore be required to investigate differences between the cognitive profiles. As was dis-
cussed above, the link between brain function and cognition may be more complex than 
we could capture with the current study design. To identify neural networks associated 
with cognitive performance, task-based fMRI might be more suitable than resting-state 
fMRI. However, task-based fMRI designs require a specific contrast that is linked to a 
single behavioural parameter, thereby ignoring the multivariate nature of the cognitive 
profiles.
Despite the limitations that we faced in this study in terms of finding strong brain-
behaviour relationships and characterising cognition-specific functional connectivity 
patterns in adult patients with ADHD and controls, we would like to highlight some 
strengths of the current design. First, we used data-driven methods to explore neural 
network differences between the patients and healthy controls. Participants were divided 
into subgroups based on multivariate behavioural performance data using graph theory. 
Similarly, resting-state networks were identified through independent component analy-
sis and therefore did not require a-priori selection of seed regions. Our large sample size 
allowed for a subdivision into subgroups that contained participants in numbers that are 
comparable to other resting-state connectivity studies. However, as discussed above, even 
larger sample sizes might be necessary to investigate between-profile differences.
To conclude, in this study we investigated functional connectivity differences between 
a) participants from distinct cognitive profiles and b) patients with ADHD and healthy 
controls, while taking into account inter-individual differences in cognitive performance. 
We found no differences in RSFC in the ECN and CER networks between individuals 
characterised as impulsive and those in other cognitive profiles. Furthermore, we found 
no correlations between impulsive reward processing style or poor response inhibition 
and connectivity strength in those two RSNs. Thirdly, while previously small but signifi-
cant differences in functional connectivity strength had been observed between patients 
and controls, subdividing participants into distinct behavioural profiles did not result 
in increased effect size. Future studies should focus on investigating cognitively-defined 
subgroups in ADHD using larger samples, multivariate methods, and task-based fMRI.
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“When networks fail, bad things happen. We directly experience the negative 
outcomes of an overstressed or malfunctioning network when we navigate 
through clogged hubs of the air transportation system during peak travel times, 
lose electricity in a cascading failure of the power grid, or witness the destruction 
of great wealth in a near-collapse of the world’s finance system” – O. Sporns
6.1 SUMMARY OF MAIN FINDINGS
In this thesis I have described four studies that aimed to give a better understanding of the 
aetiology of ADHD in adulthood by investigating cognitive performance and intrinsic 
brain network organisation. After reviewing the existing literature on adult ADHD and 
discussing the methodology used in this thesis in the introduction, the chapters in Part 
1 concerned case-control comparisons on both the behavioural and neural connectivity 
levels. In Chapter 2 we confirmed that adult ADHD is cognitively heterogeneous. Al-
though patients with ADHD performed worse than controls on tasks measuring execu-
tive functioning, impulsivity, and response variability, effect sizes of these findings were 
moderate, and not all patients were impaired on the tasks investigated. Furthermore, 
no single task was sufficient to predict an ADHD diagnosis, but rather a combination 
of distinct tasks was necessary, including working memory, sustained attention (also 
measuring response variability), reward processing, and time estimation. In Chapter 3, 
we found stronger functional resting-state brain connectivity in the executive control 
network to be associated with adult ADHD. In line with the neuropsychological findings 
the effect size of this difference was moderate, and the distributions of connectivity values 
of the patient and healthy groups were largely overlapping. This indicates that aberrant 
functional connectivity in the executive control network is not uniquely contributable to 
patients with ADHD, nor can it serve as a biomarker to identify ADHD. It is quite likely 
that other brain networks are also involved in the disorder. However, contrary to earlier, 
smaller studies on adult ADHD, we found no differences between patients and controls 
in the default mode and frontoparietal networks. Following up on recent discussions 
concerning the confounding effects of head motion in resting-state analyses (Van Dijk 
et al. 2012; Cole et al. 2010), we put strong emphasis in this chapter on ascertaining that 
the observed effects were not attributable to group differences in head movements during 
the scan.
In Part 2, I described two studies that further investigated heterogeneity within the 
sample of adults with and without ADHD. In Chapter 4, we tried to parse heterogene-
ity at the cognitive level. We identified three subgroups that differed in their profile of 
neuropsychological performance. One group was characterised by deficient attention 
and inhibition, the second group by high impulsivity in terms of delay discounting, 
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and the third group by aberrant working memory and verbal fluency. Interestingly, 
these subgroups were identified in both the control and the patient group separately, 
indicating that qualitative differences in neuropsychological performance exist not only 
in adult individuals with ADHD, but also in healthy individuals. However, within each 
subgroup of patients and healthy control participants, the patients still performed worse 
than the controls in most cognitive domains. Hence, differences between patients and 
healthy individuals seem to be more quantitative than qualitative in nature, i.e. patients 
performing at the extreme end of normal variation. Similar findings have been found in 
children, although the representation of the distinct subgroups was different (Fair et al. 
2012). The conclusion that differences between patients and healthy individuals is largely 
quantitative in nature also ties in with our findings from Chapter 3, where we observed 
significant correlations between symptom scores and connectivity strength in the cer-
ebellum and executive control network. Based on our findings from Chapters 3 and 4, 
we hypothesised in Chapter 5 that the specific, behaviourally defined, subgroups would 
show different connectivity patterns in the cerebellum and executive control network. 
However, we found no significant differences between the subgroups, nor between cases 
and controls within each subgroup, in resting-state connectivity strength. Unexpectedly, 
we also found no significant correlation between behavioural performance on delay 
discounting and response inhibition domains, and functional connectivity strength in 
the hypothesised resting-state networks. There hence seemed to be a poor association 
between behavioural performance and resting-state connectivity in the cerebellum and 
executive control network, despite their association with clinical ADHD symptoms.
In sum, by using the largest sample of adult patients with ADHD investigated so far, the 
research described in this thesis has provided novel insights into the neuropsychologi-
cal and neural intrinsic connectivity characteristics of this disorder. The general picture 
that emerges is that the heterogeneity of adult ADHD is inherent to the disorder and 
present at both the behavioural and neural level. Subtypes could be identified based on 
neuropsychological performance, but did not provide more homogeneous subgroups in 
terms of intrinsic connectivity.
6.2 THE HETEROGENEITY OF ADULT ADHD
The idea that ADHD is a heterogeneous disorder is in itself not new. The classification 
of ADHD, based on symptoms in the inattention, hyperactivity or impulsivity domains, 
already shows that a variety of symptoms patterns can exist between patients with the 
same disorder. Also at the cognitive level, it has been proposed that there are multiple 
pathways that result in dysfunction, but that are not necessarily all affected in all patients 
(Sonuga-Barke et al. 2010; Nigg, Willcutt, et al. 2005). Our findings support this model, 
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and reject - as has earlier been done in children, now also for adults - the theory that 
inhibition is the core deficit in ADHD and that deficits in executive functions and delay 
aversion result from inhibitory dysfunction (Barkley 1997). We found no differences be-
tween patients and controls in the inhibition tasks. However, as discussed in Chapter 2, 
we were cautious about interpreting this as evidence against an inhibitory deficit in adult 
ADHD, due to the limitations of the task used in our study and the existence of contrast-
ing findings by others. Chapter 4 showed that impairments in the inhibitory tasks were 
indeed present in our sample, but limited to a subset of the patients, and therefore did 
not underlie dysfunction in other cognitive domains. The same holds true for executive 
functioning. Although deficits in executive functioning have been consistently reported 
in adult patients with ADHD (reviewed by Boonstra et al. 2005), and were confirmed 
by the study described in Chapter 2, the moderate effect sizes of these measures suggest 
that executive function deficits are “neither necessary nor sufficient to cause all cases of 
ADHD” (Willcutt et al. 2005, p 1334).
Our findings from Chapters 2 and 4 point towards response variability as the most 
consistent deficit in adults with ADHD. High within-individual variation in response 
times, as well as errors made during a task, were most effective in distinguishing patients 
from controls, and were present in all three cognitive profiles. In another study from our 
group, we found that reaction time (RT) variability was associated with symptoms of in-
attention, and with the integrity of white matter fibres in the right frontoparietal network 
(Wolfers et al. 2015). Response variability is thought to reflect lapses in attention that may 
result from problems with temporal processing, a deficit of sustained attention or low 
levels of arousal (Tamm et al. 2012; Kofler et al. 2013). However, it is yet unclear whether 
RT variability is a cause or consequence of impaired cognitive functioning (Kofler et al. 
2013). According to the cognitive-energetic model that was proposed by Sergeant, vari-
ability of responses is due to inefficient allocation of energetic resources, that interferes 
with cognitive processes (Sergeant 2005). Alternatively, it could be that multiple, distinct 
pathways of impairment all result in increased response variability. This may explain why 
RT variability is also increased in other psychiatric populations, and perhaps is better 
characterised as a general marker of cognitive dysfunctioning or a shared risk factor 
amongst psychiatric and neural disorders (Kofler et al. 2013).
Also our findings from Chapter 3, of altered connectivity of the anterior cingulate 
cortex within the executive control network, can be interpreted from the perspective 
of the multiple pathway theory. This anterior cingulate cortex could be considered a 
hub-region that connects to multiple networks, including the striatum and prefrontal 
and parietal cortex (Bush 2010). Furthermore, it is involved both in high-level cognitive 
functioning, including attention and inhibition, and in reward processing (Fassbender 
& Schweitzer 2006). Distinct pathways or mechanisms could therefore result in similar 
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anterior cingulate functioning or dysfunctioning, but may still have distinct behavioural 
or clinical consequences.
Based on the findings in this thesis, in addition to previous studies and theories, I 
argue that there can exist many different underlying aetiologies in patients with ADHD 
that have similar clinical outcomes. Although we did not find evidence for specific neural 
characteristics of distinct cognitive subtypes with resting-state fMRI, it would be interest-
ing to investigate the subgroups from Chapters 4 and 5 further, with different methods. 
One way would be to measure neural responses during fMRI tasks associated with the 
cognitive profiles. I would expect that patients with the impulsivity profile (scoring high 
on the delay discounting task) display less neural activity in the striatum during reward 
expectation compared to patients with other profiles (Hoogman et al. 2011; Knutson et 
al. 2001). Patients with the profile characterised by poor attention and inhibition may 
have reduced neural activity in (mainly right-lateralised) frontostriatal and frontopari-
etal networks during a sustained attention task with inhibitory components, such as a 
continuous performance or a stop-signal task (van Rooij et al. 2015; Hart et al. 2013). 
Patients in the profile with poor working memory and verbal fluency would be expected 
to differ from other patients in terms of neural activity in the left lateralised language 
areas, regions in the left frontoparietal network and cerebellum (Rottschy et al. 2012; 
Wolf et al. 2009; Stoodley & Schmahmann 2009). If such differential neural responses 
could be identified between the cognitive profiles, this would provide more support for 
distinct neural pathways underlying cognitive heterogeneity in adult ADHD. A better 
understanding of these neural pathways is also interesting from a clinical perspective, as 
different treatment strategies could be developed to target these distinct pathways. For 
example, patients with the impulsivity or poor attention and inhibition profile, associated 
with low frontostriatal activity, could benefit more from methylphenidate treatment than 
patients with poor working memory and verbal fluency if those show aberrant fronto-
parietal and cerebellar activity (Del Campo et al. 2011; Cortese et al. 2015; Rubia et al. 
2014).
6.3 EVIDENCE FOR ADHD AS A DIMENSIONAL DISORDER
In addition to the multiple pathway theory, in this thesis I have shown that ADHD in 
adulthood is better characterised as a dimensional, instead of a categorical disorder. 
Variation between individuals is also present in the healthy population, and impairments 
experienced by patients with ADHD are associated with the more extreme end of the 
same variation (Fair et al. 2012; Hyman 2007; Chabernaud et al. 2012). Similarly, while 
some patients did not have any deficient test scores on a broad range of neuropsychologi-
cal test, others were impaired on more than 40% of the measures (Chapter 2). Also on the 
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neural level, I have described a positive association between the number of hyperactivity/
impulsivity symptoms and functional connectivity strength in networks that were af-
fected in ADHD patients (Chapter 3). Furthermore, we observed that the distribution 
of connectivity values in the affected (executive control and cerebellum) networks of 
the patient and control groups was largely overlapping, again providing evidence of the 
overlap between ADHD pathology and normal variation.
The positive correlation between clinical symptoms and aberrant functional connectiv-
ity in the executive control and cerebellum networks may reflect inter-individual differ-
ences in compensatory mechanisms. It has been proposed that in ADHD the prefrontal 
cortex is responsible for top-down cognitive and neural mechanisms that compensate for 
subcortical dysfunction (Halperin & Schulz 2006). According to this model, prefrontal 
dysfunction is secondary to subcortical impairments, and an improvement in prefrontal 
functioning can reduce symptoms while subcortical problems remain. Some support for 
this model was provided by a recent longitudinal study, where a decrease in hyperactivity/
impulsivity symptoms between childhood and adolescence was associated with stronger 
resting-state functional connectivity in the executive control network, and the anterior 
and paracingulate gyrus in particular (Francx et al. 2015). This study, however, contrasts 
with our findings that showed that stronger functional connectivity in this network was 
associated with more hyperactivity/impulsivity symptoms in adults. Whether a stronger 
functional integration of the anterior cingulate cortex within the executive control net-
work reflects a causal or compensatory mechanism is therefore difficult to answer based 
on currently available data. More longitudinal analyses with resting-state fMRI measure-
ments at multiple timepoints are necessary to investigate this further. The same holds 
true for the cerebellum. Based on fMRI data it has been proposed that stronger activity 
in the cerebellum during working memory or other cognitively demanding tasks reflects 
a compensatory response to prefrontal dysfunction in ADHD (Fassbender & Schweitzer 
2006).
Associations between functional connectivity and neuropsychological performance 
could shed more light on whether our findings reflect compensatory mechanisms or not. 
Unfortunately however, I have not found convincing evidence for linear brain-cognition 
relationships in our data. At least in terms of resting-state connectivity, we found no 
significant associations between cognitive performance and neural connectivity. This 
contrasts previous studies, which did report such associations, i.e. (Chabernaud et al. 
2012; Meier et al. 2012; Seeley et al. 2007; Hoekzema et al. 2014). As discussed in Chapter 
5, the association between functional connectivity and behaviour is complex, and likely 
to involve a multidimensional interplay of networks (Bressler & Menon 2010). Connec-
tivity within a single network measured during a resting-period may therefore be too 
weakly associated with performance during a task. Alternatively, inter-individual vari-
ability in the association between brain function and behaviour may be another aspect 
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of heterogeneity in ADHD, hence providing only weak associations on the group level 
(Heidbreder 2015). Multivariate techniques, such as linked ICA or distance based frame-
works, may be more suitable to identify covarying patterns in both the behavioural and 
neural domain (Groves et al. 2011; Shehzad et al. 2014). However, causal brain-behaviour 
relationships are even more difficult to establish. Only recently, unsupervised structure 
learning was used to map how neurons control behaviour in the brains of Drosophila 
fly larvae (Vogelstein et al. 2014). This may provide a starting point for identifying such 
relationships in humans.
6.4 CAUSAL PATHWAYS TO ADULT ADHD
Although causal relationships are difficult to assess, there are several theories about how 
different aspects of the neurobiology and behaviour associated with ADHD influence 
each other. A well-known model is that of endophenotypes (Figure 6.1a). This model 
posits that genes influence brain structure and function; those, in turn, control behaviour 
that causes symptoms, which ultimately result in a psychiatric diagnosis (Franke et al. 
2009). Endophenotypes hence are traits that mediate the associations between genetics 
and the clinical phenotype (Gottesman & Gould 2003). They are thought to be closer to 
the causal biological pathways than the categorical disorder itself and hence provide a 
better understanding of the disorder’s aetiology. However, in contrast to the sequential 
model in Figure 6.1a, several studies have shown evidence arguing against a causal rela-
tionship between cognition and symptoms. A longitudinal analysis of boys with ADHD, 
for example, showed a lack of association between changes in clinical symptoms and cog-
nitive performance over time (Coghill et al. 2014). Furthermore, methylphenidate treat-
ment improved either neuropsychological performance or clinical symptoms in children 
with ADHD, but there was only modest evidence that these two domains were linked (i.e. 
that improved performance predicted an improvement in symptoms; Coghill et al. 2007). 
An alternative causal model was therefore proposed by Coghill and colleagues, where 
symptoms and cognition independently contribute to overall impairment associated with 
ADHD (Figure 6.1b). In support of this, a recent study in a birth cohort in New Zealand 
showed that participants, who had been diagnosed with ADHD as a child, but did not 
meet the clinical criteria for ADHD in adulthood at 38 years, still performed worse on 
several neuropsychological tasks (Moffitt et al. 2015). Furthermore, participants who at 
age 38 were diagnosed with ADHD, had relatively few cognitive deficits, both in child-
hood and adulthood, but did report to experience life impairments in adulthood. In line 
with these findings I have shown further support for the distinction between symptoms 
and cognition, as patients with distinct cognitive profiles did not differ in terms of clinical 
symptoms (Chapter 4).
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The endophenotype model further proposes that altered brain structure and func-
tion are causal to both cognitive performance and clinical symptoms. Several studies 
have shown that both volumetric and neural activity (fMRI) differences in ADHD are 
associated with clinical symptoms and impaired task performance, (i.e. Konrad et al. 
2006; He et al. 2015; van Rooij et al. 2015). Others have identified correlations between 
resting-state connectivity and behaviour, although as discussed in section 6.3, this was 
not supported by our data. We did, however, find significant correlations between con-
nectivity strength and clinical symptoms, although this does not mean that functional 
connections in the executive and cerebellum networks directly cause symptoms of hyper-
activity and impulsivity. It is also noteworthy that a study by our group, using the same 
sample of adult participants with and without ADHD, found the opposite pattern for 
structural connectivity: while clinical symptoms were not associated with the integrity 
of white matter fibres, inhibitory performance and impulsive responsiveness correlated 
with alterations in white matter connections in the corpus callosum (Onnink et al. 2015). 
Speculating, the intrinsic network connectivity of the brain is perhaps more associated 
with general impairments in function, reflected by clinical symptoms, than with cogni-
tive performance.
Environment
Genes Brain structure
and function
Cognition Symptoms Impairment
Environment
Genes Brain structure
and function
Cognition
Symptoms
Impairment
(a)
(b)
Figure 6.1: Causal models for ADHD. a) The endophenotype model, b) the alternative model proposed 
by Coghill et al. 2014. Figure from Coghill et al. 2014.
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In Figure 6.2 the main findings from this thesis are summarised in a model for causal 
pathways in ADHD. In this model, resting-state functional connectivity within the ex-
ecutive control and cerebellum networks contributes to hyperactivity and impulsivity 
symptoms, which (partly) result in an ADHD diagnosis. Deficits in cognitive domains, 
including reaction time variability, delay discounting, sustained attention, inhibition, 
working memory and verbal fluency, are part of different causal pathways and contribute 
to the overall impairment experienced by patients with ADHD. The model in Figure 6.2 
of course does not provide the full picture. Genes, environmental factors, other neural 
networks and mechanisms, and other cognitive domains are likely to also contribute to 
the causal pathways in adult ADHD. These pathways are not necessarily linked, but could 
exist in parallel within the same person or between different patients. Furthermore, as 
was already mentioned, much more research is needed to fully establish the direction and 
causality within this model.
ADHD
Hyperactivity / Impulsivity
symptoms
Inattention
symptoms
Cerebellum 
network
Executive control 
network
Delay discounting
Reaction time 
variability
Working memory
Verbal fluency
Sustained 
attention
Inhibition
Figure 6.2: Proposed model of causal pathways in ADHD based on findings in this thesis.
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6.5 THE SPECIFICITY OF THE FINDINGS FOR ADULT ADHD
In the introduction I mentioned that one issue in biological psychiatry is the question 
whether psychiatric disorders are distinct entities. As comorbidity is so prevalent, the va-
lidity of diagnostic boundaries in psychiatry is heavily debated (Hyman 2010; Heidbreder 
2015; Hyman 2007). Also at a neuropsychological and neural level there is considerable 
overlap between psychiatric disorders. The question is therefore whether the findings 
presented in this thesis are specific to adult ADHD. In our sample, many patients with 
ADHD experienced other psychiatric disorders in the past, such as major depressive 
disorder and substance use disorder. With respect to major depressive disorder, we did 
not find any differences in neuropsychological performance between ADHD patients 
with and without a history of this comorbid disorder (Chapter 2). However, this does 
not prove specificity of the neuropsychological findings. Others have investigated this by 
comparing performance of adult patients with ADHD (and various comorbid disorders) 
to that of psychiatric patients without ADHD (Holst & Thorell 2013). They found that 
ADHD patients differed from psychiatric controls on verbal and spatial working memory, 
inhibition, set shifting, fluency, planning, reaction time variability, and delay aversion 
(Holst & Thorell 2013). This supports the idea that our neuropsychological findings are 
specific to ADHD.
Also at the neural level there is evidence for shared dysfunction amongst mental ill-
nesses. A meta-analysis of voxel-based morphometry (VBM) studies of adults found that 
reduced grey matter in the anterior insula and dorsal ACC was consistently associated 
with various psychiatric disorders (Goodkind et al. 2015). Although the Goodkind study 
did not include VBM studies of ADHD, other studies have identified reduced grey matter 
in the ACC in adult patients with ADHD compared to controls (Seidman et al. 2011; 
Amico et al. 2011), although this was not replicated in our sample (Onnink et al. 2014). 
Furthermore, resting-state studies have also consistently identified aberrant connectivity 
of the anterior insula and ACC in psychiatric disorders, including anxiety disorders and 
schizophrenia (for a review, see Menon 2011). As discussed in section 6.2, the involve-
ment of the ACC in a wide range of cognitive and motivational processes may explain 
why this region is implicated in several disorders. It is therefore possible that our findings 
in Chapter 3 are not specific to adult ADHD.
In the introduction of this thesis I started with a description of the Research Domain 
Criteria (RDoC), a new framework proposed to investigate mental disorders beyond the 
DSM classifications. Instead of focussing on distinct disease categories, the RDoC focuses 
on broad domains of functioning (for example, working memory) that may be impaired 
in only a subset of patients with a particular disorder, or in (subsets of) patients from 
multiple disorders (Insel et al. 2010). Advocates of the RDoC argue that those domains 
may have clearer aetiological underpinnings than categorical disease definitions do. 
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Furthermore, this framework is well suited to investigate common mechanisms of dys-
function across multiple disorders. For instance, the relationship between connectivity of 
the ACC within the executive control network and performance on executive tasks could 
be investigated in a population consisting of both healthy participants and patients with 
mental disorders.
In this thesis I have used network analysis to investigate both the interaction between 
brain regions and the interaction between cognitive domains. Borsboom and Cramer have 
proposed that network analysis can also be used to investigate the interactions between 
symptoms, and hence investigate the overlap between mental disorders (Borsboom & 
Cramer 2013). They constructed a network of interacting symptoms across all disorders 
in the DSM (Figure 6.3). This method focuses solely on clinical symptoms, beyond the 
disease categories. Furthermore, it treats symptoms not as effects of the latent disorder 
factor, but as the “causally active ingredients of the mental disorders themselves” (Bors-
boom & Cramer, 2013, p. 96). The way in which the disorder manifest itself, i.e. in terms 
of impairment, hence depends on the strength of interactions between symptoms in the 
network. What this network analysis shows is that almost half of the symptoms from the 
DSM are connected, either directly or indirectly, and that symptoms are clustered in a 
way that is very similar to a small-world network (Van Hintum 2012). The hubs in this 
network are symptoms that are connected to many other symptoms, meaning that they 
frequently co-occur with symptoms that constitute various disorders. From Figure 6.3 it 
becomes apparent that mental disorders as classified by the DSM are not distinct entities, 
but rather a network of interacting symptoms. Such network analyses can provide insight 
into how in an individual different symptoms can result in mental dysfunctioning, and 
how these interactions may change over time (Borsboom & Cramer 2013). In the case of 
ADHD, it would for instance be interesting to investigate the neural mechanisms associ-
ated with individual differences in the strength of the interaction between inattentiveness 
and hyperactivity.
6.6 STRENGTHS AND LIMITATIONS OF THE CURRENT APPROACH
The studies described in this thesis should be considered in the light of several strengths 
and limitations. In addition to the aspects described in the discussion sections of the 
experimental chapters, I will discuss here several general strengths and limitations of the 
sample and methodology, which are important to judge the value of the studies described 
in this thesis.
A major strength is the large sample of participants that were part of our studies. 
Sample sizes of nearly 200 participants are rare in neuroimaging, where most studies 
on average include twenty participants in each group. Furthermore, the IMpACT-NL 
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sample is, as far as we know, the largest sample of adult ADHD patients in the world that 
includes neuroimaging, neuropsychological, and genetic data. This large sample allowed 
to us to investigate small effects with more confidence. Small, underpowered studies are 
susceptible to reporting inflated effect sizes, and hence the effect sizes reported in this 
thesis may provide a better estimate of the ‘true’ effect size than those previously reported 
(Button et al. 2013; Halsey et al. 2015). A downside of such large-scale studies, however, is 
that they take a lot of time, money, and manpower to acquire. This means that hypotheses 
were formulated years before and that the study cannot easily be adapted to answer new 
questions that emerge in the meantime, or to new developments in the field (such as the 
use of multi-echo fMRI). Large-scale studies are therefore more suitable for explorative 
than confirmatory testing, but this poses problems for statistics. Should one correct for 
multiple testing at all, if the study was not designed to answer a single question (Bender 
& Lange 2001)? Or, if the initial hypothesis is that there are differences in brain structure 
and function between ADHD patients and controls, should we correct for every test done 
on the data, regardless of the modality? One (statistical) solution may be to use Bayesian 
statistics for these types of studies, as this provides a metric of the evidence against or in 
favour of the null hypothesis (or alternative model), regardless of the number of tests that 
were conducted (Wagenmakers et al. 2011). However, this method poses other problems, 
Figure 6.3: A network representation of the DSM-IV symptom space. The nodes in the network are 
representing symptoms that are connected by an edge whenever they are mentioned in the DSM-IV as 
belonging to the same disorder. The colour of the nodes represents the DSM-IV chapter in which they 
occur most. ADHD (together with other neurodevelopmental disorders) is represented by the yellow 
nodes in the top left, and connected to mood disorders (pink) and schizophrenia (grey) via the symptom 
“often easily distracted by extraneous stimuli / distractibility”. Figure from Borsboom & Cramer 2013.
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such as the choice of priors, and is not (yet) widely used and accepted in neuroimaging 
and neuropsychological research.
A further strength of the described studies is the naturalistic sample of adult patients 
with ADHD, which allowed us to generalise our findings to the overall adult ADHD 
patient population. However, including patients with various subtypes of ADHD, comor-
bidities, and medication treatments also introduces heterogeneity. Although this hetero-
geneity is, as discussed, a central characteristic of the disorder, it limits the inference of 
more specific conclusions, i.e. with respect to a specific clinical subtype of patients or to 
unmedicated patients. In various analyses in this thesis, we have, post-hoc, investigated 
differences between, for instance, patients with and without comorbid major depressive 
disorder, but this greatly reduced the sample size. Furthermore, there is some evidence 
that neurobiological differences between adults with and without ADHD are mainly 
driven by male patients, and do not hold when only comparing females (Onnink et al., 
2014; Valera et al., 2010). Although we corrected for gender effects in all our analyses, 
we did not investigate effects in males and females separately, because we did not have 
specific hypotheses about neuropsychological or resting-state functional connectivity 
differences between the genders.
One aspect on which our sample may differ from the general adult population with 
ADHD is intelligence. Although we did not measure full-scale IQ, our estimates of intel-
ligence were rather high, both in patients and controls. This may reflect a sampling bias, 
as higher educated people are more likely to participate in such studies. Such a sample 
of high-performing patients may have less cognitive impairments than the general adult 
ADHD population (Bridgett & Walker 2006; Woods et al. 2002). On the other hand, a 
clear strength of our study was that there were no differences in IQ between the patient 
and control group. It has previously been shown that ADHD and IQ share a common ge-
netic aetiology (Kuntsi et al. 2004) and that there are neurobiological differences between 
ADHD patients with high compared to low IQ (De Zeeuw et al. 2012). It is therefore 
often unclear, whether differences in performance are attributable to lower IQ, ADHD, 
or both.
A limitation that is inherent to ADHD in adulthood in particular, is that it is very 
difficult to assess retrospectively in adults, whether ADHD was already present in child-
hood (Todd et al. 2008; Miller et al. 2010). Although childhood onset is a requirement 
for the diagnosis, a recent longitudinal study in the New Zealand birth cohort has shown 
that 90% (28 out of 31) of the people with an ADHD diagnosis at the age of 38 years 
actually lacked a history of childhood ADHD (Moffitt et al. 2015). Although officially 
ADHD must have been present since childhood for an ADHD diagnosis in adulthood, 
this criterion is difficult to ascertain. This was further illustrated in the study, as three 
quarters of the parents of children with ADHD reported 30 years later not to remem-
ber any ADHD symptoms or diagnosis of their child, indicating the poor reliability of 
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retrospective parental recall on determining the persistence of ADHD (Moffitt et al. 
2015). Another interesting finding from this study was that the adults with ADHD did 
not show deficits in neuropsychological performance, neither in childhood nor in adult-
hood, despite reporting severe life impairments. This poses the question whether the 
neurobiological mechanisms underlying all adult ADHD can be expected to be similar 
to those of childhood ADHD, or whether the aetiology of some subtypes of adult ADHD 
is different. However, in general, our findings and those of others, point towards similar 
neurobiological and cognitive mechanisms of impairment in children and adults with 
ADHD. More longitudinal research using clinical interviews, neuroimaging, and neuro-
psychological testing is needed to answer this question.
Lastly, there are some inherent limitations to measurements of resting-state functional 
connectivity, which hampered the interpretability of our findings. Although the task-
free nature of this method has many advantages, the disadvantage is that the measure 
is unconstrained (Kelly et al. 2012). In other words, it is difficult to ascertain ‘what a 
participant is doing’ during the resting period. Although studies have shown the robust-
ness of resting-state networks, both within and between individuals (Damoiseaux et al. 
2006; Zuo et al. 2010), this criticism cannot be discarded entirely. Several aspects of the 
task design are known to influence resting-state connectivity patterns, such as whether 
a participant was required to keep the eyes open or closed, or whether the resting-state 
scan was preceded by a cognitive task (Cole et al. 2010). As long as these factors are equal 
between the two groups that are compared, the effects on the findings should be minimal, 
but these factors may hamper the comparability between studies. In addition, differences 
in analysis of the data, such as head motion correction or the choice of seed-regions ver-
sus whole brain analysis also vary across studies and make it difficult to compare findings 
(Cole et al. 2010; Kelly et al. 2012). With respect to our own studies, the poor association 
between functional connectivity strength and behavioural performance was unexpected. 
This does however not mean that functional connectivity is unrelated to behaviour and 
cognition. The intrinsic network connectivity of the brain is likely to play a large role in 
how the brain functions (Fox et al. 2007). A closer understanding of these networks will 
eventually bring us to a closer understanding of brain function, and dysfunction.
6.7 OPEN QUESTIONS AND FUTURE RESEARCH
As is common in science, this thesis has raised more questions than it has provided 
answers. To understand the neurobiological mechanisms that cause the symptoms and 
impairments experienced by patients with ADHD, many more studies will be needed. 
Large-scale longitudinal studies are required to understand the differences between pa-
tients whose symptoms remit and those that persist in having ADHD. Ideally, such stud-
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ies should not be focussed on a single disorder, but rather investigate how comorbidities 
arise or subside over time. Furthermore, longitudinal studies can assess whether changes 
over time are due to developmental or compensatory mechanisms and what the effects 
are of various treatment strategies.
To tackle the issue of heterogeneity, three solutions have been proposed (Hyman 
2007). First, dimensional analyses can be used to investigate quantitative associations 
between symptoms or cognitive functioning and metrics from neuroimaging across the 
population. Second, subgroups of individuals that have a specific symptom cluster or 
cognitive impairment in common may provide more homogeneous samples. This is in 
line with the RDoC approach to understand neurobiological mechanisms of psychiatric 
illness without being restrained to the DSM categories (Insel et al. 2010). With respect to 
the cognitive impairment profiles defined in this thesis, it would be of interest to replicate 
these in an independent sample and to further investigate how patients differ between 
profiles in terms of brain function or response to treatment. A third solution is not to 
reduce samples based on a specific feature, but rather to enlarge samples by abandoning 
fine-scale disorder-boundaries and examining the common neurobiological features 
that underlie a range of psychological impairments. Network analyses that characterise 
symptom interactions within and between individuals may be useful to further examine 
such large and heterogeneous samples of patients (Borsboom & Cramer 2013).
With respect to the model proposed in Figure 6.2, it is important to know how cogni-
tive function emerges from large-scale brain networks, and whether dysfunctional con-
nectivity during rest causes behavioural impairments. As mentioned, new techniques are 
required to go beyond the mass-univariate testing of brain-behaviour associations and 
instead look for multivariate patterns of covariance. Despite the vast amount of neuro-
imaging research in the past two decades, we still have limited understanding of how the 
brain controls behaviour, and most findings rely purely on correlations. Computational 
approaches are being developed and increasingly used in psychiatry, but at the same time 
researchers have only just been able to map all causal brain-behaviour patterns in larvae 
of the fruit fly (Vogelstein et al. 2014). Future studies should therefore focus on discover-
ing the causal mechanisms between neural connectivity and behaviour, in humans.
A few years ago, intrinsic functional connectivity, measured during a resting-state 
period, was considered a promising new measure in the field of biological psychiatry, 
and especially useful for large data sets and data sharing (Fox & Greicius 2010; Biswal 
et al. 2010). It was expected that resting-state functional connectivity measures would 
provide biomarkers that would aid in the early detection of psychiatric disorders and the 
prediction of disease progression. However, thus far the results have been disappointing. 
Specific to ADHD, a global competition to use resting-state fMRI and structural brain 
data to predict whether a patient had ADHD or not, resulted in an average prediction 
accuracy of only 49.8% (The ADHD200 Consortium, 2012). The clinical utility of such 
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measures therefore still seems far away. However, a closer understanding of the brain’s 
intrinsic connectivity structure can bring us closer to the development of targeted treat-
ment. In addition, as was discussed in section 6.2, a better characterisation of a person’s 
behavioural impairments could aid in more personalised treatment (Sonuga-Barke 2005). 
Hence, a clinic of the future may use a combination of psychiatric interviews, cognitive 
tasks and neuroimaging to design the most optimal treatment for that individual. In that 
case, the diagnosis of the patient becomes much less important, as the treatment is tai-
lored to the individual, instead of to the group. Future research should therefore not focus 
on finding biomarkers with neuroimaging, but on designing protocols for identifying 
aberrant brain functioning that can explain behavioural impairments and subsequently 
methods to improve both brain functioning and behaviour.
6.8 CONCLUSION
When you read the literature about ADHD, it seems that patients are impaired in several 
cognitive domains, and that these impairments are associated with aberrant brain struc-
ture and function. In this thesis, I have shown that this image is an oversimplification. 
Instead, ADHD in adulthood is an overarching label that includes various cognitive and 
possibly neurobiological profiles. Many different pathways can result in the symptoms 
required for an ADHD diagnosis, but using only this diagnostic label will not help us in 
understanding the aetiological pathways. The best way forward may therefore be to ap-
proach the disorder as a network of interconnected characteristics and to investigate the 
biological pathways of each of these behavioural characteristics, beyond the boundaries 
of a single psychiatric disorder.
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Wat is ADHD?
ADHD – attention-deficit / hyperactivity disorder, oftewel aandachtstekort- hyperac-
tiviteitstoornis – is een veel voorkomende psychiatrische aandoening bij kinderen. De 
stoornis kenmerkt zich door problemen met het focussen van aandacht, hyperactiviteit 
en impulsiviteit. Deze problemen zijn van dusdanige aard dat ze niet kunnen worden 
verklaard door de leeftijd van het kind. Daarnaast is het voor een ADHD-diagnose be-
langrijk dat de symptomen zich voordoen in meerdere situaties, bijvoorbeeld zowel thuis 
als op school. In sommige gevallen verdwijnen deze symptomen naar mate het kind vol-
wassen wordt, maar dat is niet altijd zo. Er zijn daarom ook veel volwassenen met ADHD. 
Zij hebben vooral problemen met aandacht, zeker in een tijd waarin Facebook, Twitter, 
What’s app en nieuwswebsites voortdurend voor afleiding zorgen. Daarnaast kunnen zij 
ook erg impulsief zijn, wat kan leiden tot het nemen van grote risico’s. Volwassen met 
ADHD ervaren hierdoor veel problemen in hun dagelijks leven, wat samenhangt met 
hoge werkloosheid, echtscheidingen, criminaliteit en verkeersongevallen.
Wat veroorzaakt ADHD?
Hoewel ADHD veel voor komt, bij zowel kinderen als volwassenen, weten we eigenlijk 
maar heel weinig van de neurobiologische oorzaken die aan deze stoornis ten grondslag 
liggen. Daarom is hier de afgelopen jaren veel onderzoek naar gedaan. Het meeste bij kin-
deren, maar ook in steeds grotere mate bij volwassenen. Een van de theorieën over ADHD 
stelt dat er niet zozeer één hersengebied betrokken is bij de ADHD-symptomen, maar 
een heel netwerk van gebieden, en dat de communicatie tussen deze gebieden verstoord 
is. Met behulp van een functionele MRI-scan tijdens een rusttoestand kan worden ge-
meten welke hersengebieden een vergelijkbaar activiteitspatroon laten zien. De aanname 
is dat hersengebieden die tijdens rust samen actief zijn, ook tijdens bepaalde cognitieve 
processen (zoals het focussen van aandacht, of het onderdrukken van een reactie) veel 
informatie uitwisselen en dus een functioneel netwerk vormen. Door de activiteit van de 
hersengebieden te meten tijdens rust in plaats van tijdens een cognitieve taak, wordt de 
meting niet beïnvloed door hoe goed iemand de taak uitvoert. Als de gebieden in zo’n 
functioneel netwerk minder goed met elkaar verbonden zijn tijdens rust, kan dit ver-
klaren waarom iemand tijdens deze cognitieve processen problemen ondervindt, omdat 
de communicatie binnen het netwerk minder optimaal is. Het doel van dit proefschrift 
was om te onderzoeken of dit inderdaad kan worden aangetoond bij volwassenen met 
ADHD, en om uit te vinden in welke hersennetwerken deze verstoringen aanwezig zijn.
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Deel 1: Het in kaart brengen van verschillen: wat kenmerkt ADHD?
In het eerste deel van dit proefschrift beschrijf ik twee studies naar de verschillen tus-
sen volwassenen met ADHD en volwassen zonder ADHD. Voordat ik de verschillen in 
functionele netwerk structuur kon onderzoeken, wilde ik eerst beter in kaart brengen 
op welke cognitieve domeinen volwassenen met ADHD slechter scoorden dan diegenen 
zonder ADHD. Dit onderzoek heb ik beschreven in hoofdstuk 2. Voor dit onderzoek 
hebben mijn collega’s en ik een grote groep mensen (265 volwassenen tussen de 18 en 60 
jaar oud, waarvan de helft was gediagnosticeerd met ADHD) allerlei testen laten doen. 
Deze testen meten onder andere werkgeheugen, aandacht, het onderdrukken van reac-
ties, impulsiviteit, cognitieve flexibiliteit en verbale functies. Hieruit bleek dat de groep 
volwassenen met ADHD inderdaad minder goed is in de meeste van deze testen: ze zijn 
minder goed in het vasthouden van hun aandacht en in het onthouden van getallen, en 
ze verkiezen korte-termijn keuzes boven lange-termijn keuzes wat duidt op impulsiviteit. 
Daarnaast zijn de reactietijden van de groep met ADHD meer variabel dan die van de 
mensen zonder ADHD, wat ook kan duiden op fluctuaties in aandacht en motivatie. 
Hoewel hier al meer over bekend is, was dit nog nooit aangetoond in zo’n grote groep en 
op zo’n breed scala aan cognitieve testen. Een andere belangrijke bevinding uit dit onder-
zoek is dat niet alle mensen met ADHD op alle testen slecht scoren. Oftewel, hoewel de 
een slecht scoort op de werkgeheugen taak, scoort de ander hoog op impulsiviteit. Hieruit 
kunnen we concluderen dat er veel variatie is tussen mensen met ADHD in hoeverre ze 
problemen ervaren met verschillende cognitieve functies. Er is dus niet één specifiek 
cognitief probleem aan te wijzen wat kenmerkend is voor alle personen met ADHD.
Nu de cognitieve problemen van onze groep volwassenen in kaart waren gebracht, kon-
den we onderzoeken of er ook verschillen in de functionele hersennetwerk structuur zijn 
aan te tonen tussen volwassenen met en zonder ADHD. Uit dit onderzoek, beschreven in 
hoofdstuk 3, blijkt dat de functionele verbindingen binnen het executive control network 
sterker zijn bij volwassenen met ADHD. Dit netwerk ligt aan de voorkant van het brein 
is en is belangrijk voor verschillende cognitieve functies, het controleren van emoties 
en het onderdrukken van reacties. Daarnaast werd duidelijk dat sterkere connectiviteit 
binnen dit netwerk samenhangt met meer hyperactiviteits- en impulsiviteitssymptomen. 
Hoewel dit contra-intuïtief is, je zou immers verwachten dat sterkere verbindingen beter 
zijn, is nog veel onduidelijk over hoe de sterkte van de connectiviteit zich verhoudt tot 
de efficiëntie van communicatie binnen een netwerk. Vervolgonderzoek is nodig om hier 
meer uitsluitsel over te geven. Een andere belangrijke conclusie uit dit hoofdstuk is dat 
onze bevindingen niet zijn te verklaren door verschillen in de hoeveelheid kleine hoofd-
bewegingen tijdens de MRI-scan. Binnen het onderzoeksveld heerst hier veel discussie 
over, omdat mensen met ADHD meer zouden bewegen, wat de groepsverschillen kan 
vergroten of verkleinen. Door gebruik te maken van een recent ontwikkelde techniek die 
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deze ruis van hoofdbewegingen uit de data filtert, kunnen we er meer op vertrouwen dat 
onze bevindingen van neurobiologisch oorsprong zijn. Toch zou verhoogde connectivi-
teit in dit netwerk niet kunnen worden gebruikt als een biologische marker voor ADHD 
– oftewel, om aan de hand van een MRI-scan aan te tonen of iemand wel of niet ADHD 
heeft – omdat, net als bij hoofdstuk 2, lang niet alle volwassenen met ADHD verhoogde 
connectiviteit in dit netwerk vertoonden. De conclusie uit deel een van dit proefschrift is 
dat ADHD in volwassenen een heterogene stoornis is die niet valt te kenmerken aan de 
hand van één bepaalde cognitieve toets of MRI-scan.
Deel 2: Zijn er subgroepen binnen de ADHD groep?
Uit het onderzoek beschreven in het eerste deel blijkt dat de groep van volwassenen met 
ADHD niet homogeen is; hoewel gekenmerkt door dezelfde diagnose zijn de cognitieve 
problemen en de functionele netwerk structuur in de hersenen niet bij iedereen gelijk. In 
deel twee heb ik getracht deze heterogeniteit verder in kaart te brengen, om er zo achter 
te komen of er binnen de groep volwassenen met ADHD bepaalde subgroepen zijn aan te 
tonen. De focus van dit tweede deel lag daarom minder op het vergelijken van twee groe-
pen, en meer op het in kaart brengen van verschillen binnen de groep. In hoofdstuk 4 
beschrijf ik een onderzoek waarbij we aan de hand van de cognitieve testen uit hoofdstuk 
2 drie subgroepen hebben gecreëerd. Hiervoor gebruikten we een algoritme uit de grafen-
theorie wat zoekt naar de meest optimale clustering van de data. Deze clustering gebeurt 
op basis van een vergelijkbaar score patroon op verschillende cognitieve testen. Uit dit 
onderzoek blijkt dat er drie subgroepen te onderscheiden zijn: een groep die slecht scoort 
op zowel aandachts- als onderdrukkingstesten, een groep die zeer impulsief reageert, en 
een groep die problemen vertoont met werkgeheugen en verbale functies. Interessant is 
dat ook bij de volwassenen zonder ADHD deze subgroepen te detecteren zijn, hoewel zij 
op de meeste toetsen wel beter scoren dan diegenen met ADHD. De variatie binnen de 
ADHD groep is dus vergelijkbaar met de variatie binnen de normale populatie, maar dan 
extremer wat leidt tot bepaalde cognitieve problemen. Door rekening te houden met deze 
verschillen in plaats van de hele groep als een geheel te beschouwen, kan mogelijk meer 
inzicht worden verkregen in de onderliggende neurobiologische systemen.
Worden deze subgroepen ook gekenmerkt door verschillen in de functionele hersennet-
werk structuur, bijvoorbeeld in het executive control network? Het onderzoek beschreven 
in hoofdstuk 5 toont aan dat dit niet het geval is. Hoewel de groepen op cognitief niveau 
van elkaar verschillen, zijn er geen significante verschillen gevonden in connectiviteit 
binnen dit netwerk. Dit geldt voor zowel de ADHD groep als de groep zonder ADHD. 
Daarnaast zijn er binnen de subgroepen ook geen verschillen in connectiviteit tussen de 
personen met en zonder ADHD, wat wel was verwacht omdat ook binnen de subgroepen 
personen met ADHD minder goed presteerden dan diegenen zonder ADHD. Kortom, 
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het creëren van meer homogene groepen op basis van cognitieve scores hielp niet bij 
het kenmerken van verschillen in de functionele hersennetwerk structuur. Mogelijk is 
cognitief functioneren te complex om een een-op-een link te vormen met connectiviteit 
tussen gebieden tijdens rust. Een functionele MRI-meting tijdens een cognitieve test zou 
hier mogelijk meer geschikt voor zijn.
Wat heeft dit proefschrift ons gebracht?
Samenvattend toont dit proefschrift aan dat ADHD bij volwassenen een complexe en 
heterogene stoornis is, zowel op het niveau van cognitieve functies als op het niveau van 
hersennetwerken. Dit suggereert dat er vele verschillende neurobiologische trajecten zijn 
die uiteindelijk tot ADHD kunnen leiden. Veel onderzoek is gericht op het vergelijken 
van een groep met ADHD en een groep zonder ADHD. Om echter de neurobiologische 
oorzaken te identificeren, moet verder worden gekeken dan alleen het label van wel of 
geen diagnose. Het karakteriseren van symptomen en cognitieve functies kan hierbij een 
belangrijk hulpmiddel zijn. Zo kan worden onderzocht welke neurobiologische systemen 
ten grondslag liggen aan bepaalde problemen of symptomen waar een gedeelte van de 
mensen met ADHD last van heeft. Het interessante van deze methode is dat dit zich niet 
alleen hoeft te beperken tot één stoornis, maar dat juist de symptomen die kenmerkend 
zijn bij meerdere psychiatrische stoornissen kunnen worden onderzocht. De hypothese 
stelt namelijk dat hoewel de uiteindelijke diagnose anders is, de onderliggende neuro-
biologische systemen vergelijkbaar kunnen zijn. Gezien de grote overlap in diagnoses 
tussen ADHD, depressie en autisme, ook wel comorbiditeit genoemd, kan zo’n aanpak 
veel nieuwe inzichten verschaffen. Een psychiatrische stoornis wordt zo meer beschouwd 
als een netwerk van verschillende symptomen die in elke persoon op een andere manier 
samen komen, en elkaar kunnen versterken of verzwakken. Door het onderzoek naar 
de neurobiologische oorzaken van ADHD meer te richten op specifieke symptomen of 
cognitieve domeinen, kunnen uiteindelijk meer persoonlijke behandelingen worden 
ontwikkeld.
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